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I.  INTRODUCTION 


The  emission  of  visible  light  from  a  chemical  reaction  or  by  a  living 
organism  is  a  striking  phenomenon  and  a  rather  remarkable  occurrence.  Perhaps 
stimulated  initially  bv  the  mere  peculiarity  and  uniqueness  of  such 

events,  interest  in  bioluminescent  and  chemiluminescent  reactions  has  grown 
and  diversified  significantly  over  the  past  several  decades.  Today  the 
reasons  for  interest  in  chemiluminescent  and  bioluminescent  systems  are 
remarkably  varied,  and  the  field  is  quite  interdisciplinary. 

Identification  of  the  varying  biological  functions,  classification  of 
the  bioluminescent  relationships  between  different  organisms,  elucidation  of 
the  detailed  reaction  pathway,  and  the  possibility  of  convenient  study  of  the 
effect  of  enzyme  or  substrate  modification  have  all  been  rrime  motivations  for 
the  study  of  bioluminescence  (McCapra,  1976  ;  Henry  and  Michelson, 

1978  ;  Hastings  and  Wilson,  1976  ;  Cormier  et  al.,  1975  ).  Interest  in 
chemiluminescence  has  been  stimulated  by  its  remarkable  sensitivity  and  often 
selectivity  as  an  analytical  tool.  As  a  result,  chemiluminescence  has  found 
extensive  application  in  the  detection  of  trace  metals  in  solution  (Montano 
and  Ingle,  1979  ;  Marino  et  al.,  1979  )  and  of  metabolites  and  hosts  of  other 
substrates  (Mendenhall,  1977  ;  Williams  and  Seite,  1976  ).  Still  other 
interest  in  chemiluminescent  reactions  has  been  directed  toward  the  development 
of  a  commercial,  portable,  "cold"  light  source  (  Rauhut,  1969  ). 

Of  most  relevance  to  the  present  work,  however,  is  the  interest  in 
chemiluminescent  reactions  generated  hv  their  relation  to  fundamental  molecu¬ 
lar  transformations  and  dynamics.  Study  of  these  reactions  promises  to  vield 
important  information  concerning  these  molecular  processes.  To  this  end, 
attention  has  focused  on  tin*  reallv  extraordinary  step  of  the  chemiluminescence 
process,  the  chemiexcitat ion  step,  the  hev  nonadinbatic  process  in  which  a 
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ground  state  reactant  is  transformed  into  an  electronically  excited  state 
product.  It  is  within  this  step  that  most  of  the  mystery  and  intrigue  in 
chemiluminescence  remains. 

The  field  of  chemiluminescence  lias  experienced  tremendous  growth  and 
witnessed  significant  advancements  in  the  past  decade.  To  a  large  extent,  the 
recent  progress  toward  the  understanding  of  chemiluminescent  processes  can  be 
attributed  to  achievements  and  advancements  in  three  general  areas. 

The  first  area  of  achievement  was  the  discovery  and  subsequent  intensive 
investigation  of  the  chemiluminescent  reaction  of  ] , 2-dioxetanes .  The  dis¬ 
covery  of  this  reaction,  a  simple  unimolecular  rearrangement,  has  allowed 
experimentalists  to  focus  on  the  study  of  the  key  step  of  chemiexcitation. 
Previously  studied  chemiluminescent  reactions  often  involved  complicated 
reaction  systems  and  sequences,  required  several  reagents,  and  often  afforded 
multiple  products  via  transient  intermediates.  While  some  such  systems  have 
yielded  to  intensive  investigation,  the  most  revealing  probes  of  chemiexcita¬ 
tion  have  been  studies  of  simple  unimolecular  rearrangements  such  as  that  of 
the  1 , 2-dioxetanes . 

A  second  area  of  recent  advancement  has  come  in  the  general  field  of 
electron-transfer  chemiluminescence.  While  electron-transfer  reactions  con¬ 
stituted  some  of  the  earliest  examples  of  chemiluminescent  reactions  in 
solution  (Dufford  et  al. ,  1923  ),  the  reaction  systems  were  often  complex. 

This,  compounded  with  low  vields  of  light  made  interpretation  of  results 
difficult.  More  recentlv,  e 1 ectron-transfer  chemiluminescence  has  been 
investigated  extensively  as  electrogenerated  chemiluminescence  (ECL). 

In  this  technique,  radical  ions  ultimately  capable  of  chemiexcitation 

bv  e lec t ron- trans fer  are  produced  by  electrochemical  means.  Such  systems  are 
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more  easily  controlled  than  other  chemically  oxidative  systems,  and  hence  the 
results  of  such  elect rochemical  experiments  are  more  readily  interpreted. 

Thus,  through  ECL  studies  significant  progress  lias  been  made  in  recent  years 
toward  the  understanding  of  chemiexcitation  bv  electron  transfer. 

A  third  general  area  of  recent  advancement  which  has  served  to  stimulate 
interest  and  has  offered  new  insights  into  the  processes  of  chemiluminescence 
has  been  the  identification  of  chemically  initiated  electron-exchange  lumin¬ 
escence  (CIEEL)  as  a  general  mechanism  for  the  chemical  formation  of  light 
(Schuster,  1979  ;  Schuster  e t  a  1 . ,  1979  ).  This  mechanism  links  what  had 
been  two  very  separate  domains:  the  chemiluminescent  rearrangement  of  high- 
energy-content  organic  molecules  and  electron-transfer  chemiluminescence. 

The  recent  studies  of  1,2-dioxetane  chemiluminescence,  ECL,  and  CIEEL 
have  brought  significant  advancement  to  the  field  of  chemiluminescence.  The 
relatively  simple  nature  of  these  processes  has  allowed  attention  to  be 
focused  on  the  nature  of  chemiexcitation  and  much  has  been  learned.  In  addi¬ 
tion,  these  relatively  simple  systems  subsequently  have  been  advanced  as  key 
intermediates,  key  steps  or  key  sequences  in  many  more  complicated  chemi-  and 
bioluminescent  systems. 

A  vast  amount  of  experimental  data  on  chemiluminescent  reactions  in 
solution  has  been  reported  during  the  last  decade.  This,  and  the  height  of 
general  interest  In  the  field  are  evidenced  bv  the  latge  number  of  review 
articles  published  in  that  period.  These  include  general  reviews  of  organic 
reaction  chemiluminescence  (Rauhiit  ,  1979  ;  Hastings  and  Wilson,  1976  ; 

Gundermann,  1974  ;  White  et_jsJ . ,  1974  ;  McCapra,  1973  ;  Goto,  1979  ;  Brandi, 

1979  ;  Kamiya,  1980)  and  hioluminescence  (MiC.ipra ,  1976; 

Henrv  and  Michelson,  1° 78  ;  Hastings  and  Wilson,  1976  ;  Cormier  et  al . , 

1975  )  as  well  a:  reviews  of  more  narrow  I \  defined  scope  on  the  chemiluminescence 
of  1 , 2-dioxetanes  (Bartlett  and  Landis,  1979  ;  Horn  et  a  1 . ,  1978-79  ;  Adam, 

1977;  Wilson,  T. ,  1976;  Turro  et  al.,  1974a;  Mumtord,  1975),  the  chemiluminescence 
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of  hydrazides  (Roswell  and  White,  1978  ;  White  and  Roswell,  1970  ),  electron- 
transfer  chemiluminescence  (Faulkner,  1978  ;  Hercules,  1969  ),  electrogenerated 
chemiluminescence  (Faulkner,  1976  ),  and  the  electron-exchange  chemiluminescence 
of  organic  peroxides  (Schuster,  1979  ;  Schuster  et  al. ,  1979  ). 

In  this  work  we  shall  examine  the  general  requirements  for  a  reaction  to 
be  chemiluminescent,  present  in  more  detail  the  three  important  generalized 
mechanisms  of  chemiluminescence  in  solution,  and  finally  discuss  specific 
chemiluminescent  systems. 
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II  General  Requirements  for  Chetni I un; i.ne seen  ce 

Why  should  any  chemical  reaction  generate  electronically  excited-state 
products  when  it  could  generate  the  same  species  in  their  ground  state? 

Despite  the  seeming  plethora  of  available  data,  this  question,  the  fundamental 
question  concerning  chemiluminescence  in  solution,  remains  largely  unanswered. 
Yet  certain  general  requirements  which  must  be  met  for  a  reaction  to  be 
chemiluminescent  are  readily  identified.  In  this  discussion  we  shall  present 
these  requirements,  and  then  look  at  additional  factors  and  components  which 
are  thought  to  influence  the  efficiency  of  a  chemiluminescent  reaction. 

Ultimately,  all  chemiluminescent  reaction  senuences  can  be  reduced  to 
two  key  steps,  the  chemical  excitation  step  (which  may,  of  course,  be  uni- 
molecular  or  bimolecular)  and  the  emission  step  (enuation  1).  The  overall 
quantum  efficiency  of  a  chemiluminescent  reaction,  0  ,  defined  as  the  number 

L* 


excitation , 


emission , 


light 


of  einsteins  of  light  (Avagadro's  number  of  photons)  produced  per  mole  of 
reactant,  is  the  product  of  the  efficiencies  of  the  individual  steps  (equa¬ 
tion  2),  where  0  is  the  efficiency  of  chemical  excitation  and  0  is  the 


0  =  0  .  x  0 

Cl.  CK  KM 


efficiency  of  emission. 

An  obvious  reciuirement  of  a  cliemi  1  uminescent  reaction  is  that  a  product 
molecule  be  capable  of  receiving  the  chemical  excitation  energy  and  forming 
an  excited  state.  Typically,  for  chemiluminescent  reactions  of  organic  mole¬ 
cules  in  solution,  the  energetically  accessible  excited  states  are  of  aromatic 
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hvdrocarbons  and  of  carbonyl  compounds.  For  chemiluminescence 

to  be  observed  it  is  also  necessarx  that  the  electronically  excited  product  be 

capable  of  luminescing  under  the  reaction  conditions.  If  0t„,  is  low,  as  is 

typically  the  case  for  the  carbonyl  chromophore  and  for  virtually  all  tripleL 

excited  states,  then  the  overall  efficiency,  0  ,  will  be  low  even  if  the 

chemiexcitation  efficiency,  0  ,  is  high  ( Dork man  and  Kearns,  1966  ;  Calvert 

l.r. 

and  Pitts ,  1966  ),  fn  studi  rases  ibis  diffirultv  ran  be  circumvented  bv  i  iie 
addition  of  a  suitable  acceptor  molecule  which  is  excited  bv  energy  transfer 
and  subsequently  emits  light.  An  additional  term  for  the  efficiency  of  energy 
transfer,  0^  must  then  enter  the  overall  efficiency  calculation. 

Fortunately,  the  factors  which  affect  0  and  0„,„  are  farilv  well 

hi  i  h  1 

understood.  Through  careful  application  of  the  rules 

derived  from  photochemical  studies  of  energy  transfer  reactions  it  is  possible 
in  most  cases  to  efficiently  convert  the  chemically  generated  excited  state  to 
a  photon  of  light  (Wilson  and  Sehaap,  1971;  Helvakov  and  Vassil'ev,  1970  ). 

Tims  one  is  able  to  focus  attention  on  the  much  less  well  understood  factors 
which  affect  0^,.  These  factors  are  the  subject  of  our  remaining  discussion 
on  general  requirements  for  chemiluminescent  reactions. 

Certainly  the  most  stringent  requirement  for  efficient  chemiexcitation 
is  one  of  energetics.  Organic  chromonhores  have  excited  state  energies, 

AE*,  in  the  range  of  10  to  100  kcal/mol,  and  the  energy 

required  to  populate  the  excited  state  chemically  must  be  supplied  by  the 
reaction.  Moreover,  in  a  multistep  reaction,  the  necessary  energy  must  be 
released  in  a  single  step,  due  to  the  essentially  instantaneous  nature  of  the 
chemical  excitation.  In  a  multistep  reaction  in  which  t lie  individual  steps 
are  unable  to  provide  i  lie  necessary  energy  for  excitation,  energy 
released  in  an  early  step  will  be  dissipated  in  solution  by  vibrational 


relaxation  and  hence  wi 1  I  not  he  av  i  i table  to  supplement  t lie  energy  released 
by  a  subsequent  step  (Rmliut  et  al.,  1968b;  Kauhut,  1979). 

The  major  source  of  the  energy  required  for  excitation  is  the  reaction 
enthalpy.  All  .  There  are  numerous  examples,  however,  of  chemiluminescent 
reactions  in  which  the  energy  of  the  observed  photon  is  greater  than  AH 

r 

(Bartlett  and  Landis,  1979  ;  Horn  et  al.,  1978-79  ;  Adam,  1977  ;  Wilson, 

1976  ;  Turro  e  t  a  1 .  ,  1974b;  Mumford,  1  ‘  /  i>  ;  McCapra,  1966  ;  l.echtken  et  al., 

1973  ).  In  these  cases,  where  the  reaction  enthalpy  alone  does  not  provide 

sufficient  energy  for  excitation,  i.e.-AH  <■  All*.  additional  energy  may  be 

r 

provided  by  the  activation  enthalpy  of  the  reaction,  \H^.  Thus,  the  first 
l.iw  of  thermodynamics  is  satisfied  hv  the  requirements  of  equation  3.  An 
objection  to  the  inclusion  of  All^  for  satisfaction  of  the  energy  requirement 
had  been  made  on  thermodynamic  grounds  (Perrin,  1975  )  but  was  later  shown  to 
be  incorrect  (Lissi,  1976  ;  Wilson,  K.  B.,  1976). 

-  All  +  ,\ll'  ;  AK*  (3) 

The  energy  requirement  of  equation  3  is  a  necessary  but  not  a  sufficient 
condition  for  a  reaction  to  be  chemiluminescent  (Richardson,  1980).  While  few 
organic  reactions  meet  this  requirement  ,  and  this  accounts  mainly 

for  the  rarity  of  chemi 1 umi noscence ,  there  are  other  important  factors  which 
influence  first  whether  a  reaction  will  be  chemiluminescent  and  thereafter 
the  efficiency  of  chemiexeitation.  Provided  the  energy  requirement  is  met, 
there  still  must  be  a  reason  for  the  rather  amazing  non-equilibrium  formation 
of  excited  state  products.  In  this  section  we  will  dismiss  those  factors 
which  are  thought  to  favor  the  selection  of  an  excited  state  over  a  ground 


state  product . 


Qualitative  reasoning  rests  on  the  Franrk-Condon  Prinicple  (Birks,  1970  ) 
as  a  basis  for  identifying  the  kinetic  factors  which  favor  a  path  leading  to 
excited  state  products.  In  short,  this  principle  holds  that  conversion  between 
electronic  states  occurs  without  a  change  in  molecular  geometrv.  Nuclear 
positions  and  momenta  can  change  on  1 v  over  a  leu;  t  I no  relative  to 
state  changes  (and  electron  transfers)  which  ,  instantaneously. 

This  principle  has  important  implications  for  requirements  on  r.iolecuiar 
geometry  which  will  affect  the  efficiency  of  a  chemiluminescent  reaction. 

Since  the  state  transformation  from  ground  to  excited  occurs  without  a  change 
in  geometry,  it  will  be  most  facile  when  the  geometry  of  the  transition  state 
of  the  reaction  is  similar  to  the  geometry  of  the  excited  state  of  the  incipi¬ 
ent  chromophore.  If  the  transition  state  geometry  and  the  geometry  of  the 
excited  state  of  the  product  are  similar,  formation  of  the  excited  state  may¬ 
be  preferred  over  formation  of  the  ground  state  since  less  mechanical  restruc¬ 
turing  will  be  required.  Typically  in  a  rearrangement  reaction,  bonds  which 
are  being  broken  and  those  which  are  being  formed  are  longer  at  the  transi¬ 
tion  state  than  in  the  ground  state  of  the  reactant  or  product.  Significantly, 
the  bonds  of  an  organic  chromophore  are  typically  longer  in  the  excited  state 
than  in  the  ground  state  (Moule  and  Walsh,  1^75  ).  Thus  it  seems  best  suited 
to  chemiexcitntion  that  the  bonds  of  the  target  chromophore  be  involved 
directly  in  the  rearrangement. 

Possible  examples  of  the  importance  of  the  coincidence  of  transition- 
state  and  excited-state  geometries  and  also  the  importance  of  the  location  of  the 
essential  reaction  or  localization  of  reaction  energy  are  the  chemiluminescent 
rearrangements  of  Dewar  benzene  (1)  and  Dewar  acetophenone  (2^  to  benzene  and 
acetophenone,  respectively  (I.echtken  et_al.,  1971  ;  Turro  et_  ,aj  .  ,  1974c; 

Turro  et  al . ,  1973  ).  The  efficiency  of  excited  state  production  though 
quite  low  is  approximately 
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O  *  3 


(  4  ) 


(  5  ) 


the  same  far  both  systems.  Yet  the  triplet  of  acetophenone  is  more  accessible 
energetically  than  that  of  benzene  by  about  10  kcal/mol  and  one  might  have 
expected,  had  energy  considerations  been  of  prime  importance,  that  the  yield 
of  excited  states  from  2  would  be  substantially  higher  than  from  _1.  A  pos¬ 
sible  explanation  for  the  observed  results  lies  in  the  geometric  requirements 
imposed  by  the  Franck-Condon  Principle.  In  2  the  key  bond-breaking  and  making 
processes  occur  in  the  benzene  ring,  remote  from  the  final  localization  of 
excitation  energy  in  the  carbonyl  region.  The  geometry  of  the  lowest  excited 
state  of  acetophenone,  which  is  n  •*  in  character,  is  characterized  by  an 
elongated  carbonyl  bond.  The  geometry  of  the  transition  state  for  reaction  5, 
however,  is  probablv  characterized  hv  an  elongated  para  carbon-carbon  bond  and 
a  carbon-oxygen  bond  of  normal  length.  Thus,  reasonable  coincidence  between 
the  transition  state  geometry  and  excited  state  product  geometry  is  not 
expected  for  reaction  5. 

Another  example  of  the  idea  cf  transition  state  and  excited  state  geometry 
congruencies  can  be  found  in  the  chemiluminescent  reaction  of  I , 2-dioxetanes , 
equation  6.  The  excited  state  of  formal dehydi  is  know  to  he  bent, 
with  the  oxygen  e a.  20°  above  t  tie  plane  lejme  i  bv  the  carbon  and  its  two 
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hydrogens  (Moule  atul  Walsh,  1975;  Haynes,  1900),  and  other  simple  carbonyl 
compounds  are  usually  assumed  to  adopt  a  similar  structure.  1 , 2-Dioxetanes 
such  as  ^3  generate  excited  state  . arbonvl  products  with  high  efficiency,  and 
it  has  been  noted  that  their  geometrv  approaches  that  expected  for  the  excited 
state  of  the  carbonyl  products  (Numan  et  al . ,  1977). 

The  geometric  requirements  imposed  by  Franek-bondon  factors  necessitate 
a  re-evaluation  of  the  energy  requirement  of  equation  3.  The  requirement  must 
somehow  account  for  any  non-congurence  between  the  transition  state  geometrv 
and  the  geometry  of  the  excited  state.  In  equation  3,  A  FI*  is  the  energy  of 
the  excited  state  at  a  relaxed  geometrv.  If  there  is  geometric  non-congruence,  that 
is  the  excited  state  at  the  relaxed  geometry  is  not  acessible,  then  the  cross¬ 
ing  between  the  ground  and  excited  state  must  occur  at  a  non-relaxed  geometry, 
one  of  higher  energy.  Thus  a  geometry  factor,  AE'  must  be  added  to  the  energy 
requirement : 


X 


-  AH  +  'll  All*  +  AE*  (7) 

While  the  magnitude  of  .\Kf  is  very  difficult  to  evaluate  due  to  the  inherent 
difficulty  in  predicting  the  shapes  of  the  potential  energv  surfaces,  it  mav 
well  he  significant  and  thus  should  not  be  neglected. 

An  alternative  (yet  equivalent)  statement  of  the  Franck-Condon  Principle 
is  that  a  molecule  cannot  accept  a  large  amount  of  kinetic  energy  instantaneously  and 
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thus  hecone  mechanical  I  y  excited.  Thus  speed  in  a  reaction,  meaning  energy  is 
released  in  period  of  time  on  the  order  of  or  less  than  the  time  of  a  vibration, 
combined  with  high  exoergicity,  favors  formation  of  an  elect ronical lv  excited 
state  over  formation  of  a  itiglilv  v  ihrat  ional  I  v  excited  ground  state.  Klectron- 
transfer  reactions  have  an  inherent  advantage  tor  the  formation  of  excited 
states  in  this  respect.  The  electron  transtor  occurs  fast,  without  a  change 
in  geometry,  and  the  relatively  slower  process  of  energy  dissipation  through 
blind  vibration  is  not  effectively  competitive  with  electronic  excitation. 

For  rearrangement  and  fragmentation  reactions,  this  kinetic  competition 
between  mechanical  excitation  and  electronic  excitation  suggests  that  limiting 
the  number  of  vibrational  modes  of  the  product  will  limit  the  capability  of 
the  reaction  to  dissipate  energy  v  ihrat t ana  1 1 v .  It  has  boon  suggested,  there¬ 
fore,  that  the  formation  of  small  molecules  favors  selection  of  the  excited 
state  (Rauhut,  1969  ;  Ranhut ,  1979  ).  Numerous  examples  of  efficient  chemi¬ 
luminescent  reactions  which  do  not  involve  the  formation  of  small  products, 
however,  force  one  to  quest  ion  the  importance  of  such  a  requirement  (Schuster 
et  ai  .  ,  1975  ;  Zaklika  ot^  aj  .  ,  !l)7Sa;  Dixon,  1981  ). 

A  theoretical  treatment  of  chemiluminescent  reactions  has  been  presented 
by  Marcus  (1965  ,  1970  ).  Although  developed  for  e 1 ec t ron-t rans f er  reactions, 
this  treatment  appears  to  he  applicable  to  other  chemiluminescent  reactions 
when  appropriately  modified.  The  importance  ot  Marcus  theorv  is  that  it 
demonstrates  that  other  factors  besides  energetics,  which  might  loosely  he 
termed  geometry,  are  also  important  in  determining  whether  a  reaction  will  be 
client!  1  uminescent .  A  useful  descript  ion  and  discussion  of  Marcus's  treatment 
has  been  given  by  Hercules  (1969  ). 

Marcus  considers  the  relative  pn  d>  d- i I i t  ies  for  an  electron-transfer 
reaction  leading  tc  excited  state  prodm  a  vs.  ground  state  products  in  Lerms 
of  the  accessihil itv  of  crossing  points  of  the  free  energy  surfaces.  Most 
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importantiv,  the  accessibility,  or  a, t iv..tioii  free  energy,  AG*,  is  related  to 
the  free  energy  of  the  reaction,  \G°.  For  a  reaction  proceeding  to  a  given 
electronic  state,  the  harrier  AG*,  initially  decreases  as  AG°  becomes  increa¬ 
singly  negative  and  then,  most  significantly,  actually  increases  as  Ag°  con¬ 
tinues  to  become  increasingly  negative.  Thus,  for  highly  exoergic  reactions, 
the  barrier  to  formation  of  the  ground  state  rn.av  actually  be  higher  than  the 
barrier  to  formation  of  the  excited  state.  The  situation,  however,  may  be 
complicated  if  there  are  large  configurational  differences  between  the  ground 
and  excited  state  of  the  product,  which  would  result  in  a  decrease  in  the 
accessibility  of  the  excited  state  and  lienee  an  overall  reduction  in  the 
chemiexcitation  efficiency.  While  difficulty  in  evaluating  the  various 
parameters  of  Marcus  theorv,  especially  as  influenced  by  configurational  dif¬ 
ferences,  is  a  shortcoming,  this  treatment  does  provide  a  useful  picture  with 
a  theoretical  basis. 

Still  other  factors  may  be  Important  in  influencing  first  whether  a 
reaction  will  be  chemiluminescent  and  second  the  efficiency  of  chemiexcitation. 
Spin  orbit  coupling  factors  could  play  a  significant  role  in  determining  the 
efficiency  of  triplet  state  generation  (Turro  and  Lechtken,  1973  )  and  thus 
could  be  especially  important  fer  reactions  in  which  only  the  triplet  state 
and  not  the  first  excited  singlet  state,  was  energetically  accessible.  Finally, 
the  possible  influence  of  orbital  symmetry  constraints,  which  is  of  consider¬ 
able  historical  interest  at  least,  has  not  been  fully  evaluated.  It  has  been 
suggested  that  orbital  symmetry  forbiddenness  is  a  prerequisite  for  a  reaction 
to  be  efficiently  chemiluminescent  (McCapra,  1968  ),  a  concept  which  was 
endorsed  and  expanded  by  others  (Kearns,  1969  ).  For  concerted  pericyclic 


reactions,  ’’forbiddenness"  docs  provide  a  low  energy  crossing  of  ground  and 


excited  state  surfaces  and  consequent ' v  direct  formation  of  electronically 
excited  products  would  be  predicted  (.Dewar  et  _aj_,  1D74  ;  Turro  and  Devaquet, 
1978  ).  However,  there  have  been  no  experimental  verifications  of  the  con¬ 
certedness  of  what  would  he  a  "forbidden"  pericvc  lie  chemi 1 uminescent  reaction, 
nor  has  a  direct  comparison  of  orbital  svmmetty  "allowed"  and  "forbidden" 
processes  which  are  potential lv  chemiluminescent,  been  made. 


Ill  ileneralized  Me>  li.m  i  sins  for  thcini'-  :i  nos.  oik  e  ^  >  t  Dr^.mir  Compounds  In  Solution 
I’m  1 1  i  a  tin-  w  .n  -  .  i  .•<  >  ,  t  .  .in  a  .  s<  In  ..  s  iia-l  Iumi  proposed  to 

<vii|ai'i  (ho  o  lii'iui  I  uni  i  ms  •  -n-  ■  ■  •  t  i  r  in  i-  ■  *r  :  ■■  "ina  •-  . 

In  the  first  sentience  t.Figu'o  '  '  ,  a  i  ."i  -  e-iei  y\  i  e  :  ant  molecule  under¬ 
goes  .m  exergonic  reaction,  t"piia!l\  •  t  o  it  r.'iigor  cut  or  t  r.iitmentat  ton,  to 

generate  a  pr»*duct  mo  lei  ule  '  n  hi  *  ■  i  «  :  i .  n  i  cu  i  i  v  excited  '-late.  It  t  ho 

initially  formed  excited  state  is  emissive,  direct  chemi ' aminos. erne  results. 
Alternatively,  the  initiallv  1  - > r »n. •  ’  exiitcd  state  can  tran-’ci  it  energy  t  > 
a  suitable  acceptor  mole.  1 1  e.  Sub  -i"iuent  era  is  -  ion  :  roro  t  h  i  ••  '.pei  ies  results 
in  indirect  client!  lnninesc.  n,  e  .  Ixinples  of  i  In  mi  1  umi  nc -cen  t  reactions  whiiii 
art*  included  in  this  general  scheme  ire  t‘e  uni  mole  u'.ir  t  r  ic.ment  at  ion  "1 
1 ,2-dioxetanes,  the  rearr.ine.emen:  ->f  lie  war  lion  zones,  and  the  class!  al  chemi¬ 
luminescent  reactions  ct  luminol. 

The  second  general  ims  ham'  sm  t->r  chemical  light  formation  is  one-eledron 
transfer  (Faulkner,  l‘»7t>  ;  I  lulkuet,  I*/H  ;  Hercules,  I  hh9  ).  The  simplest  ot 
bimolecular  reactions,  ei.erge* i.  elect  ron-transfer  reactions  possess  several 
additional  character  ist  ic.  which  male  ’Hr"  perhaps  the  most  intuitively 
reasonable  choice  for  -i  general  "«  "  -mist  ii  •  1  iss  ,o  chemiluminescent  re.o  - 
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The  electron  transfer  chemiexci tat  ion  is  shown  schematically  in  molecular 
orbital  terms  in  Figure  2.  Although  other  electron  transfer  reactions  are 
potentially  chemiluminescent  (Tokel-Takvoryan  et  al . ,  1973  ),  the  charge 
annihilation  reaction  of  oppositely  charged  aromatic  radical  ions  is  the  proto¬ 
typical  case  and  has  been  most  extensively  studied.  This  is  due  to  the  con¬ 
venient  preparation  of  the  radical  ions  by  electrochemical  means,  the 

large  range  of  redox  potentials  which  are  available,  and  the  high  fluorescence 
efficiency  of  the  product  aromatic  hydrocarbons  (Faulkner,  1978).  This  tech¬ 
nique  for  light  formation  has  become  known  as  electrogenerated  chemiluminescence  (ECL) . 

Transfer  of  an  electron  from  the  radical  anion  (D  •)  to  the  radical 
cation  (A  •")  results  in  chemiexcitation.  Subsequent  emission  from  the  directly 
formed  excited  state,  or  one  derived  therefrom,  results  in  chemiluminescence. 

As  depicted  in  Figure  2,  the  donor  (I))  has  received  the  excitation  energy. 

In  fact,  depending  on  the  system  and  the  relative  energetics,  either  ion  pre¬ 
cursor  mav  become  excited  and  subsequent  lv  emit.  Figure  2  also  depicts  forma¬ 
tion  of  an  excited  state  of  singlet  multiplicity.  The  triplet  state  may,  of 
course,  be  formed  as  well.  In  fact,  in  manv  svstems  the  excited  singlet  is 
energet leal  1 v  inaccessible  and  the  triplet  is  the  exclusive  excited  state 
product.  In  such  a  case,  the  ultimate  fluorescence  which  is  observed  comes 
from  a  singlet  state  which  arises  from  annihilation  of  two  triplets  formed 
direct  lv  bv  two  distinct  redox  events  (equation  8). 
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A  third  generalized  mechanism  for  chemi 1 umi neseence  of  organic  molecules 
in  solution  has  been  Identified  recent!',  .is  ihemicallv  initiated  electron- 
exchange  luminescence  (CIF.KI.)  (Schuster,  !WS  ;  Schuster  e t  a  1  .  ,  1979  ).  In 
essential  features  it  is  a  combination  of  the  two  previously  described  mechanisms 


for  excited  state  generation. 


A  schematic  representation  is  given  in  Figure  3. 
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In  short,  the  sequence  Is  initiated  bv  one-electron  transfer  from  a  suitable 
donor  molecule  (activator,  ACT)  to  a  high  energy  content  organic  molecule  (a 
peroxide  for  all  systems  described  thus  far).  Subsequent  rearrangement  or 
loss  of  a  neutral  fragment  (carbon  dioxide  for  example)  transforms  the  reduced 
peroxide  into  a  highly  reducing  specie-.,  in  the  form  of  a  radical  anion. 

Charge  annihilation  then  generates  in  electronical lv  excited  state  of  ACT  and 
the  final  step  of  the  sequence  i-.  emission  from  ACT.  S  ich  a  sequence,  in  which 
the  emission  of  light  is  from  an  excited  state  formed  directly  from  a  bimolec- 
ular  reaction  between  substrate  and  catalyst,  has  been  termed  activated 
ctiemi luminescence  (Dixon  and  Schuster,  1979  ). 

The  net  transformation  in  tiie  CiFlil,  sequence  involves  conversion  of  a 
high  energy  content  molecule  to  products  of  much  lower  energy.  This  trans¬ 
formation  ultimately  is  the  source  of  the  large  amount  of  energy  required  for 
chemiluminescence,  and  in  this  respect  CIEEl,  is  related  to  the  first  generalized 
mechanism.  Bond  energy  is  converted  to  excitation  energy.  The  actual  mechanism 
of  chemiexcitation,  however,  is  the  radical  ion  annihilation  case  of  the  more 
general  electron-transfer  chemiluminescence.  CIEEl.  differs  distinctly  from 
ECL,  however,  in  that  the  radical  ions  are  produced  chemically  rather  than 
elect rochemical lv .  Moreover,  ('TUI  has  an  advantage  over  ECL  in  the  strive  to 
achieve  maximum  efficiency  in  chemiluminescence  in  that  the  highly  reactive 
radical  ions  which  ultimately  annihilate  are  born  within  the  same  solvent  cage. 


-19- 


gure 


ACT  +  Peroxide 


ACT  *  Peroxide  7 


ACT*  +  Product  <• 


rearrangement 

or 

-(neutral 

fragment) 


V 

ACT  *  Product  7 


V 

LIGHT 


3.  Chemically  Initiated  Electron-Exchange  Luminescence 


-20- 


IV  Chemiluminescence  of  Mo  I  ocular  Svst  ems 
A.  Reroxyoxalate  rhojnil un mcs.encc . 

Tht*  reaction  of  certain  derivatives  of  oxalic  acid  with  hydrogen  peroxide 
in  the  presence  of  a  suitable  fluoroseer  represents  an  earlv  demonstration  of 
a  relatively  efficient,  non-enscvmat  i  c  clicni  1  uni  iueseen  t  system  (Kauhnt,  1969  ). 
Work  in  this  area  was  initiated  b\  the  report  of  Chandross  on  tlie  chemilumin¬ 
escent  reaction  of  oxalvl  chloride  and  hydrogen  peroxide  in  the  presence  of 
anthracene  (Chandross,  1965).  While  in  subsequent  work  Rauhut  was  able  to 
maximize  the  quantum  efficiency  of  this  reaction  at  51”  (Rauhut  et  al . ,  1966  ), 
the  maior  advancement  in  this  area  came  with  the  discovery,  also  by  Rauhut  and 
co-workers,  of  the  even  higher  quantum  efficiencies  which  were  obtainable  from 
the  reaction  of  certain  eIectroneg.it ivelv  substituted  aryl  oxalates  with 
hydrogen  peroxide  and  fluorescent  compounds  (Rauhut  et_ _a_l . ,  1967  ). 

A  remarkably  wide  range  of  oxalates  has  boon  investigated,  and  it  is 
clear  that  a  high  quantum  efficiency  requires  a  good  leaving  group.  15is(2,4, 

6-t riehloropheny I )oxa lat e  and  bis (2 , 4-d i ni t ropheny l)oxal ate  are  popular 
examples  and  have  enjoyed  use  in  delightful  demonstrations  (Mohan  and  Turro, 

1974  ).  efficiencies  as  high  as  22-277.  have  been  reported  with  these  esters 
and  fluorescers  such  as  rub rent*.  The  high  yield  of  light  is  the  result  of  a 
high  efficiency  of  sin_yl_et  excitation  of  the  fluorescer  which  can  he  achieved 
bv  careful  choice  of  reaction  conditions,  and  the  high  fluorescence  efficiency 
of  the  fluorescers  which  are  employed.  The  mechanism  for  this  reaction, 
although  still  tentative,  features  1  ,  d-d  i  oxet  aned  iono  (ft)  as  the  key  inter¬ 
mediate.  Unfortunately  4  has  continued  to  elude  direct  detection  (C.ordes 
et  al..  1969  ;  PeCorpo  et  _.i_l.,  197.’  ;  Stauff  et  al.,  1972  ,  1976  ),  and  some 
earlv  evidence  for  the  me tost ubi 1 i t v  of  the  kov  intermediate  toward  unimolecular 
decomposition  has  been  questioned  (White  et  al.,  19/5). 
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±_  +  FL  - — >  2C0Z  +  FL*  (10) 

The  intimate  role  of  the  fJuoreseer  in  this  chemiluminescent  system  was 
appreciated  early.  While  the  fluorescer  is  independent  of  the  key  intermediate 
(thus  allowing  a  choice  of  emission  wavelength  by  the  choice  of  a  suitable 
fluorescer)  (Rauhut  e t  a 1 . ,  1975  ) ,  the  fluorescer  appears  to  catalyze  the 
release  of  the  energv  stored  in  the  intermediate  and  direct  it  toward  the 
formation  of  excited  states.  Rauhut  (1969)  suggested  that  this  catalysis 
was  due  to  an  initially  formed  charge-transfer  complex  between  the  fluorescer 
and  the  intermediate.  The  intimate  role  of  the  fluorescer  was  further 
demonstrated  by  Lee.htken  and  Turro  (  1974)  and  Sherman  et  al  .  (1978)  who  showed  a 
dependency  of  the  chemi 1 umineseence  efficiency  on  the  nature  of  the  fluorescer. 
In  particular,  the  intensity  was  found  to  fall  off  slowly  with  increasing 
singlet  energy  of  the  fluorescer.  Such  behavior  is  not  typical  of  conventional 
energy  transfer  and  suggests  that  the  fluorescer  is  excited  in  the  chemiexci- 
t at  ion  step. 

McCapra  (1971)  expanded  the  ideas  of  Rauhut:  and  suggested,  as  an  interest¬ 
ing  possibility,  an  excitation  mechanism  which  had  certain  features  in  common 
with  electron-transfer  chemi I umineseence .  Electron  transfer  from  the  fluorescer 
to  the  presumed  ilioxet aned ione ,  followed  hy  decarboxv 1  at  ion,  generates  carbon 
dioxide  radical  anion  and  the  fluorescer  radical  cation.  t'hemiexcitation 


occurs  by  annihilation  of  these  radical  ions. 


CCV  f-  L*  - >  C02  +  FL*  (12) 

This  sequence,  although  highly  speculative  at  the  time  of  its  proposal,  has 
gained  support  in  recent  years  (McCapra,  1977  )  with  the  experimental  estab¬ 
lishment  of  the  involvement  of  a  CIEEI.  mechanism  in  the  chemi luminescence  of 
other  peroxides  (Schuster,  1979  ;  Schuster  et  al.,  1979  ).  Nevertheless, 
final  verification  of  the  CIEEL  type  mechanism  in  this  system  awaits  the 
presentation  of  further  evidence  for  the  intermediary  of  4. 

B.  Dioxetane  Chemiluminescence 

By  far  the  chemiluminescent  reaction  which  has  been  most  extensively 
investigated  over  the  past  decade  is  the  unimolecular  transformation  of  the 
1 ,2-dioxetanes  to  two  carbonyl -containing  products,  one  of  which  may  be  formed 
in  an  electronically  excited  state  (equation  13).  Before  the  preparation, 
isolation  and  characterization  of  a  stable  dioxetane  was  first  reported 
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bv  Koneckv  and  Mumfor.l  ( 1  Hb'O  ,  d  ioxet  anus  had  received  considerable 
attention  as  potential  intermediates  in  many  tdiemi-  and  biol uminescent  reac¬ 
tions.  This  ear Iv  suggestion,  made  bv  White  and  Harding,  (19fw,  1965)  rationalized  the 
apparently  ubiquitous  role  of  oxygen,  as  well  as  the  common  appearance  of 
carbonyl-containing  products,  in  these  reactions.  Moreover,  the  expected 
great  exoergicitv  of  this  reaction,  due  in  part:  to  the  weak  oxvgen-oxy gen 
bond  and  the  strain  energy  of  the  t our-membered  ring,  appeared  to  meet  the 
energetic  requirements  for  an  efficient  chemiluminescent  reaction.  Finally,  orbital 
svmmetry  ideas,  which  were  quite  fashionable  at  the  time,  predi  ted  a  symmetry 
allowed  transformation,  if  concerted,  to  excited  state  products  (McCapra,  1968). 

Kopecky's  synthesis  of  trimethvldioxetane  employed  the  base  mediated 
dehydrohalogenation  of  2-methv 1-2-hydroperoxy- 5-bromobutane .  Subsequently, 
this  type  of  eliminative  cyclization  (equation  14)  has  been  applied  to  the 
preparation  of  scores  of  dioxetanes.  Additionally,  many  dioxetanes  have  been 
prepared  by  the  addition  of  singlet  oxygen  to  the  electron-rich  olefins  which 
do  not  possess  allvlir  hydrogens  (equation  15)  a  method  discovered  first  by 
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Bartlett  and  Schaap  (1970).  More'  recently  this  procedure  has  been  expanded  to 
include  some  trisuhst ituted  olefins  (A  xveld  and  Eel  log,  1980).  The  wide  applic- 
ahilitv  of  these  procedures  to  the  preparation  of  dioxetanes  of  diverse  structure, 
and  wliat  proved  to  manv  workers  to  he  a  surprising  stabilitv  of  most  alkly  and 
alkoxv  substituted  dioxetanes,  have  facilitated  their  study  and  contributed  to 
the  tremendous  amount  of  activity  in  the  field.  To  date  well  over  100  dioxetanes 
have  been  prepared  and  scrutinized  with  the  objective  of  elucidating  the  mechan¬ 
istic  details  of  their  remarkable  trails!’.',  nation  to  excited  state  carbonvl- 
containing  products. 

1 ,2-Dioxetanes  have  been  the  .  •>  subject  ot  several  spe  ialized  reviews 
in  recent  years  (Bartlett  and  Landis,  1979  ;  Horn  et  al . ,  1978-79  ;  Adam, 

1977;  Wilson,  T.,  1976;  Turro  et  al .  ,  1974a;  'lund'ord,  1975).  'these  articles 
cover  with  depth  which  is  not  possible  here  such  dioxetane  topics  as  1)  prep¬ 
aration,  2)  physical  and  spectroscopic  characterization,  3)  experimental  tech¬ 
niques,  especially  for  the  study  of  chemiluminescence,  4)  mechanisms  of  decom¬ 
position  and  chemiexcitation ,  5)  ground  state  transformations,  and  6)  reactions 
involving  dioxetanes  as  postulated  intermediates.  The  interested  reader  is 
referred  to  these  articles  for  details  on  these  specialized  topics,  and  for 
some  historically  interesting  perspectives. 

Tn  this  treatment  we  will  limit  ourselves  to  a  discussion  of  work  which 
deals  directly  with  the  mechanism  of  the  decomposition  of  1,2-dioxetanes  and 
with  the  mechanism  of  chemiexcitation,  paying  particular  attention  to  the 
efficiency  and  selectivity  of  this  process.  Emphasis  will  be  placed  on  the 
most  recent  results  and  developments  in  this  area. 

In  the  past  few  years  two  rather  distinct  ('lasses  of  chemiluminescent 
dioxetanes  have  become  evident.  Alkyl,  alkoxv,  and  simple  aryl  substituted 
dioxetanes,  which  includes  the  earliest  dioxetanes  prepared,  are  characterized 
by  reasonable  stability  ( E 2 3- 30  keal/mol),  excitation  efficiencies  in  the 
range  of  5-30%,  and  a  high  ratio  of  triplet  to  singlet  excited  state  products, 


typically  more  than  50  to  1.  Oiox.  ( am'-;  with  aminoaryl  and  otlier  easily 
oxidized  substituents  differ  marked! c  from  the  first  class  of  dioxetanes. 

They  are  characterized  hv  much  lower  activation  energies  for  reaction,  differ¬ 
ent  solvent  effects  on  the  decomposition  reaction,  a  high  vield  of  singlet 
excited  states,  and,  apparent  Iv,  a  different  mechanism  for  reaction  and 
chem i e  xc i t  at  ion . 

A  mechanism  post  ilaieu  for  dinxetane  decomposition 

by  McCapra  (1968)  hvnot  iiesized  s  inn  Itnneous  cleavage  of  the 

oxygen-oxygen  and  the  carbon-carbon  bonds  in  a  concerted  manner  leading,  as 
predicted  by  orbital  correlation,  directly  to  excited  state  products 
(equation  16).  While  this  mechanism  was  able  to  account  for  the  experimentally 
observed  high  yield  of  excited  state  products,  it  did  not  in  this  simple  form 
account  for  the  high  ratio  of  triplet  to  singlet  excited  state  products. 

Turro,  therefore,  later  expanded  this  picture  by  suggesting  that  the  spin 
multiplicity  change  occurred  simultaneously  with  bond  cleavage  through  a 
spin-orbit  coupling  mechanism  enhanced  hv  a  rotation  of  the  electronic  charge 
on  one  oxygen  atom  by  90"  about  the  t '— 0  axis  (Turro  and  Lechtken,  1973  ). 
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The  other  mechanistic  extreme  is  the  two-step  mechanism,  first  considered 
by  White  and  Harding  (1964,  1965)  and  examined  experimentally  first 
/by  Richardson  (O'Neal  and  Richardson,  1970  ;  Richardson  et  al.,  1972).  Clea¬ 
vage  of  the  weak  oxygen-oxygen  bond  generates  a  short-lived  biradical  inter¬ 
mediate  which  cleaves  rapidly  in  a  second  step  to  carbonyl-containing  products. 
The  initially  formed  singlet  biradica.'  is  postulated  to  partition  between 
singlet  ground  and  excited  state  carbonyl  products,  and  the  triplet  biradical. 
Singlet  and  triplet  states  of  the  biradical  should  approach  each  other  in 
energy  with  sufficient  spatial  separation  of  the  oxygen  atoms.  Hence  inter¬ 
system  crossing  to  the  triplet  via  spin-orbit  coupling  will  be  facilitated  in 
the  biradical.  Cleavage  of  the  triplet  biradical  should  lead  to  formation  of 
a  triplet  excited  state  product. 

To  date,  no  piece  of  experimental  evidence  requires  a  concerted  mechanism. 

On  the  other  hand,  considerable  data,  although  often  circumstantial  or  indirect, 
support  the  intermediacy  of  a  biradical.  The  initial  postulation  of 

a  biradical  mechanism  was  supported  by  activation  parameters  determined  for 
a  series  of  variously  substituted  dioxetanes  (5)  (Richardson  et  al.,  1974  ; 

1975,  1973)  and  by  thermochemical 

calculations  (O’Neal  and  Richardson,  1970  ;  Richardson  et  al . ,  1974  ).  The 
relative  insensitivity  of  the  dioxetane  decomposition  rate  to  substitution, 
particularly  in  comparing  the  Dhenvl,  anisyl,  and  benzyl  substituted  dioxe¬ 
tanes  (j>c,cl,<j)  supports  cleavage  of  the  oxygen-oxygen  bond,  which  is  one  bond 
removed  from  the  position  of  substitution,  in  the  rate-determining  step.  One 
would  expect  in  a  concerted  mechanism  that  the  reactivity  of  the  dioxetane 
would  be  enhanced  by  substituents  which  would  conjugate  with  the  developing 
carbonyl  bond.  Similarly,  a  study  bv  Wilson  et  al  .  (1976)  supports  the  suggestion 
that  there  is  very  little  carbon-carbon  bond  elongation  in  the  transition 


state  of  the  rate-determining  step  of  the  cleavage  reaction.  Activation 
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parameters  for  the  decomposition  of  dioxetanes  and  _7  are  identical  within 
experimental  error.  Apparently  the  added  3-4  kcal/mol  of  ring  strain  of  the 
bicyclic  dioxetane  6^  is  not  released  until  after  the  transition  state  has  been 
passed. 
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In  fact,  the  largest  effects  of  substituents  on  the  activation  parameters 

of  dioxetanes  belonging  to  the  first  class 
for  decomposition /are  attributable  to  steric  effects  within  the 

framework  of  a  biradical  mechanism.  The  extraordinary  stability  of  the  steri- 

cally  crowded  adamantylideneadamantane-1 ,2-dioxetane  (8)  (E^  =  35  kcal/mol) 

(Schuster  et  al . ,  1975  )  and  of  the  norborny 1 idenenorbornnne- l , 2-dioxetane 


(Bartlett  and  Ho,  1974  )  suggest  a  transition  state  of  the  rate-determining 
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step  characterized  by  extensive  elongation  of  the  oxygen-oxygen  bond  and  hence 
further  compression  of  the  bulky  substituents.  Significant  carbon-carbon  bond 
elongation  in  the  transition  state  and  the  concomitant  relief  of  sterii  strain 
among  the  substituents  would  have  been  expected  to  manifest  itself  in  a 
lowering  of  the  activation  energy  for  decomposition. 


0-0 
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A  sensitive  probe  of  the  mechanism  of  dioxetane  decomposition  is  the 
effect  of  deuterium  substitution  on  the  rate  of  reaction.  Koo  and  Schuster 
(1977a)  investigated  the  reaction  of  dioxetnnes  9_a  and  9b  and  found  no  kinetic 

or  product  isotope  effect.  This  was  considered  consistent  only  with  a  biradical 
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mechanism.  A  i-om-i'rtei!  mvlunisni,  i  •;  wn  i.  I.  the  ir.br  id  i /.it  Ion  of  tlie  ring 
carbons  change  from  sp  toward  st>'  i  the  read  ion  approaches  the  transition 
state,  predicts,  in  contrast  to  tin-  experimental  result,  an  inverse  deuterium 
isotope  effect. 

in  sum,  a  good  deal  of  experimental  e"ideu  e  lias  been  gathered  wilich 
supports,  although  i  nd  i  rec  t  I  v  ,  the  intermedi.ii  v  of  a  1,4-biradical  in  the 
chemiluminescent  reaction  ot  simple  dioxetanes.  Vet  there  is  no  direct  evi¬ 
dence  that  such  bi radicals  exist  with  finite  lifetimes.  An  attempted  indepen¬ 
dent  generation  of  a  1  ,4-biradi  1.1 1  bv  decomposition  of  a  dinitrite  proved 
inconclusive  (Suzuki,  1474  ).  The  influence  of  quenchers,  radical  scavengers, 
and  external  heavy  atoms  on  the  chemiluminescent  reaction  of  trimethyldioxe- 
tane  (Simo  and  Stauff,  1975)  and  adamant y ' ideneadamantane- 1 ,2-dloxetane  (8) 

(Neidl  and  Stauff,  L978)  was  studied.  IThile  tlie  authors  interpret  their 
results  in  terms  of  a  relatively  long-lived  precursor  to  the  excited-state 
product,  namelv  the  1,4-biradical,  the  results  are  open  to  alternative  expla¬ 
nations  (Horn  et  al. . ,  1978-79  ). 

The  extensive  experimental  interest  in  the  chemi 1 umi nescence  of  dioxe¬ 
tanes  and  the  relative  simplicity  oi  the  dioxetane  structure  have  led  to  a 
number  of  theoretical  studies.  Marly  semi-emntrical  calculations  appear  to 
be  of  little  value,  their  results  depending  on  the  details  of  the  procedure 
used  (Dewar  and  Kirschner,  1974  ;  Anvaina  et  a  1 . ,  1976  ;  Maker  and  Hinze,  1975). 

The  most  reliable  computational  study  reported  to  date  is  the  ab  initio  GVB 

calculations  of  Harding  and  Goddard  (1977),  who  conclude  that  the  reaction 

proceeds  through  a  biradical  intermediate  which  is  located  about  14  krai /mol 

above  the  ground  state  of  dioxetane.  Moreover,  thev  conclude  that  the  eight 

states  of  the  biradical  (singlet  and  triplet  4  ,2';  two  Sa,jG;  and  2tt,4 0)  are  separated 


by  onlv  j  kcal/mol,  thus  suggesting  that  tlie  spin  multiplicity  of  the  product 


-10- 


carbonvl  compounds  mav  depend  in  p.irt  upon  ;  :ic  energy  of  the  excited  states 
relative  to  these  biradicals. 

Some  experimental  support  tor  the  idea  that  the  excited  state  snin 
selectivity  is  dependent  on  the  relative  energetics  of  the  excited  states  and 
the  biradical  intermediate  is  derived  Iran  toe  t udv  of  5-acety 1-4 ,4-dimethy 1- 
dioxetane  (10)  by  Horn  and  Schuster  ( 1  ‘  *  7 1 5 ) .  The  relatively  low  ratio  of 
triplet  to  singlet  excited  state  nu  i  hy  1  g !  yox.i  1  (]j  )  which  was  observed  (9  +  ">) 


10  11 


is  interpreted  as  a  result  of  a  nearly  statistical  partitioning  of  the  sus¬ 
pected  biradical  intermediates  amoung  the  available  spin  states  of  the  low 
energy  dicarbonyl  compound.  Unlike  biradicals  derived  from  dioxetanes  which 
dissociate  to  simple  ketones  and  aldehydes  (Eg  =  84-88  kcal/mol,  =  78-80  kcal/mol) 
the  biradical  derived  from  10  is  expected  to  lie  well  above  both  the  singlet 
and  triplet  excited  states  of  methvl glyoxal  (64  and  55  kcal/mol  respectively). 

Several  recent  studies  have  addressed  the  interesting  issue  of  electronic 
excitation  energy  partitioning  in  dissymmetric  dioxetane  thermolysis.  The 
first  quantitative  determination  of  energy  partitioning  was  reported  by  Horn 
anti  Schuster  (1978).  Dioxetane  10  generated  not  only  the  excited  singlet  and 
triplet  of  methyl gl yoxal  with  moderate  efficiencies  (1.6%  and  15%  respectively) 
but  also  generated  a  substantial  amount  of  triplet  acetone  (0.5%).  Yet  the 
triplet  state  of  acetone  lies  approximately  14  kcal/mol  above  the  triplet  of 


methvlgl voxal . 
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Zimmerman  et  al.  (1475,  studied  the  series  of  dioxetanes  1_2.  One 

of  the  primary  products  is  tie  .  c  I  olu-xad  ienone  F4  which,  if  formed  in  an 
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excited  state,  undergoes  the  well  studied  "Type  A"  rearrangement.  The  yield 
of  excited  14^  was  found  to  varv  only  slightly  with  the  nature  of  the  other 
fragment  (13)  despite  the  fact  that  the  excitation  energies  of  1 3a-d  bracket 
that  of  the  triplet  of  1_4.  The  vie  Id  of  excited  J_4  from  dioxetane  12c ,  is 
especially  interesting,  for  the  lowest  triplet  of  _Tic  (a  rr*  state,  39  kcal/mol) 
lies  well  below  the  triolet  of  T4  (an  n't*  state,  68.5  kcal/mol).  The  authors 
suggest  that  there  is  a  large  kinetic  factor  favoring  the  formation  of  n^* 
triplets.  However,  no  direct  search  for  excited  1 3c  was  reported,  so  little 
can  be  said  about  excitation  onergv  distribution.  Also,  the  geometry  of  1  3c 
in  its  lowest,  r.  !:*  triplet  may  not  be  similar  to  that  of  the  reaction  transition 
state  ( Franck-Condon  geometry  factors).  Formation  of  n"*  1 3c  would  remove  the 
apparent  energetic  advantage  of  1 jc  over  nr*  14. 

Finally,  Richardson  and  his  students  have  recently  reported  a  study  of 
excited  state  energy  distribution  between  dissimilar  carbonyl  molecules  pro¬ 
duced  from  I  ,2-dioxetanes  J_3  (Richardson  e t  a  1  . ,  1979).  The  location  of  the 
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excitation  energy  an  one  or  the  atier  a:  the  > arhon. 1  products,  as  determined 
hv  trapping  with  olctins,  appear  ;  t  ■  mpraai  h  a  Boltzmann  like  distribution 
determined  bv  the  .  arbain  I  triplet  energies. 
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a,  R  =  R9  =  CH  ,  R3  =  H 

b,  R  =  Ph  --  CH3  R3  -  H 

c,  R,  =  Ft.,  -  P.,  Ph 

i  -  .1 

Several  vears  at', a  it  was  nated  thit  the  hehaviar  of  diaxetanes  substituted 
with  Large  resonance  groups  (for  example  t  he  diaxetanes  postulated  as  inter¬ 
mediates  in  manv  b  i  o  1  um  inescen  t  rent  ions)  i  suite  distinct  t  t  am  tii.it  of 
alkvl,  alkaxv,  or  simple  are  1  -subst  i  t  ut  e.l  dioxetanes  (Wilson,  i.t  lVihj.  ihe 
decompos  it  ion  products  of  thee  diixetanes  are  at  ten  highly  Muarescent, 
possessing  lowest  ex.  ited  ;  ate  • ,  the  yield-  at  ex  i  t  ed  singlet  states 

are  often  remarkable  high,  ami  the  dioxetane  a  aid  1  i  t  v  is  apparently  low. 

It  was  suggested  at  that  time  that  m  d  tcrn.it  ivc  mechanism,  perhaps  a  truly 
concerted  mechanism,  was  operative. 

In  recent  vears  several  new  dioxetanes  smist  ituted  with  easily  oxidized 
groups,  not  ah  1 v  various  aminoar\l  croups,  have  been  prepared  and  studied. 

Also  In  recent  vr.ir  ,  the  chemi.all  initialed  e  I  c.  t  ron-exi  iiange  lumines.en,  e 
(CIKK1.)  pathway  has  been  shown  to  he  .  ipahle  >!  generat  ing  high  v.<  !•!-■ 
chemi  luminescence  t  run  .erf  tin  pet  oxides  i  hu-tei,  1“  ;  Si  Must  or  et  a  I  .  ,  1 l|  i 

CIKKI,  offers  an  expiatin'  ion  for  the  unu  -  ■  s,  pi  pc  t  i  ;  •  t  •  se  dicxet  me-.. 
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McCapra  (1977  3  and  Singer  (l.ee  and  Singer,  1980,  Lee  et  al.  ,  1976  )  have 
studied  the  N-metliv  lair  idan  dioxetanes  ^.p.  These  compounds  are  characterized 
by  relatively  lew  activation  energies  for  reaction  (15-25  kcal/mol)  and  by  a 
high  efficiency  of  singlet  excited  state  N-methv 1 acridone  generation  (4-25%). 
The  proposed  mechanism  involved  intramolecular  electron-transfer  (nitrogen 
to  peroxide  bond)  induced  decompos i t icn  leading  to  a  charge  polarized  inter¬ 
mediate  ( 1_7 )  .  llleavage  of  this  intermediate  directly  generates  a  charge 
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transfer  resonance  (natural  , orm  a  the  excited  state  of  N-methv lacr idone. 
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1  , ~’-d  i  oxe  ratios  in  stability,  ami  similarly  I’enei.lty  moderate  yields  at’  triplet 
excited  states.  Pioxet.me  Id.  ,  however,  pessis.s  it).',  the  easily  oxidized 
dime thy  1 aminophenv l  subst i t  uent ,  is  dost  ah i 1 i /ed  relative  to  18a  and  h,  and 
>;i  es  excited  singlet  states  in  high  vie  Id.  >*••  reaver,  there  is  a  substantial 
solvent  effect  an  the  decampos  i  t  ian  e!  !  the  rate  oonstanl  increasing 
marked  1 v  with  increasing  solvent  pc'  i  r  i  t  v .  A  t  hermal 1 v  activated  electron- 
transfer  mechanism  has  Seen  prot>  "-ed  tar  1‘h  .  I'he  chemi  luminescence  of  18d 
on  which  there  is  a  icmarl  ' e  •  ' • e.  t  at  solvent  is  particularly  intriguing. 
I’ol.ir  i  t  v  effe*  are  nee.ligi:  e  >•  >fCMfi  ton  t  o  the  uni  (pie  (‘fiect  of 
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are  the  N-methvl-indolyl  substituted  dioxetanes  studied  by  Goto  et  al .  (Goto 
and  Nakamura,  1978;  Nakamura  and  Goto,  1979a;  1979b).  These  dioxetanes  are 
of  additional  interest  because  of  the  high-energy  uv  chemiluminescence  (320nm) 
which  is  observed  in  some  cases  and  the  observation  of  intramolecular  exciplex 
emission  in  other  instances. 

Despite  the  clear  implication  of  the  involvement  of  intramolecular  elec¬ 
tron  transfer  in  the  chemiluminescence  of  certain  dioxetanes,  there  have  been 
no  clear  examples  of  intermolecular  electron  exchange  luminescence  processes 
with  dioxetanes.  In  a  recent  note,  however,  Wilson  (1979)  reports  the  observa¬ 
tion  of  catalysis  of  the  chemiluminescence  of  tetramethoxv- 1 , 2-dioxetane  by 
rubrene  and,  most  surprisingly,  by  9 , 1 O-di cvanoanthracene.  While  catalysis 
by  the  added  fluorescers  was  not  kind i cal ly  discernible,  a  lowering  of  the 
activation  energy  for  chemi luminescence  was  observed.  These  results  were 
interpreted  not  in  terms  of  an  actual  electron  transfer  with  the  formation  of 
radical  ions,  but  rather  in  terms  of  charge  transfer  interactions  between 
fluorescer  and  dioxetane  in  the  collision  complex.  In  any  event,  these 
results  rertainlv  emphasize  t  lie  auti'Mi  required  in  considering  the  fluorescer 
a.s  a  passive  energv  acceptor  in  dioxetane  chemiluminescence. 

(  .  '  i  i ,  cxe  t  anorte  Chemi  luminescence 

Hie  chemi  luminescence  of  dioxet  monos  is  of  particular  interest  due  to 
t  hi1  i  r  postulated  iriterne.li  i.  .  ir’  a  rial  b  io  1  urn  inescence  reactions,  including 
that  at  the  firetlv,  the  sea  pause"  Keuill.i,  and  the  ost raced  crustacean 
vjcriclina  1  1  i  gan  .  .  r‘>e  reicri  i-ed  me.  liani  srn  for  these  bio  1  umi  neseenee 
r  c-a .  t  i ,  in |  1 1  i  l  ’  >  invc*  I  v-  inc  •  'X  I  da  t  i  on  -  >  f  a  substrate  (  luciferin)  and 

;  lit!,  i'll'  cut  .If  ■.[■<!..•  ,i  r  i  ■  ■  ri  c  t  i  at  erred  i. it  e,  an  mints  for  the 

e  ,  t  ,  '  j  r  ec  i  ■  i  c  "c  ,  •  ,  ■  ni>  'e.  ii  la  t  ■ :  ■  ■  •  i ,  t  be  product  ioti  of  carbon  dioxide  , 

c  i  1  er  i  l  *  r  -r  t  '  ■  e  •,  \  1  <  e  i  I  e  r  i  n  . 


firefly 


Cypridina 


Figure  4. 
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In  principle,  the  cyclic  route  is  distinguishable  from  the 

alternative,  linear  route  ,  by  labeling  experiments.  The  dioxe- 

tanone  route  predicts  that  one  oxygen  in  the  CO.,  is  derived  from  the  molecular 

oxygen;  the  linear  route  predicts  that  one  oxygen  in  the  CO^  is  derived  from 

the  aqueous  medium.  In  practice,  experimental  attempts  to  distinguish  between 

the  two  possibilities  have  been  the  source  of  considerable  controversy,  as 

will  be  illustrated  for  the  case  of  the  firefly,  but  which  now  has  been 

settled  in  favor  of  the  dioxet  -none  route. 

1 8 

Early  labeling  studies  ema loving  o,,  (Deluca  and  Dempsey,  1970)  and 

17  18 

even  more  recent  studies  by  the  same  group  employing  0^  and  H?  0  (Tsuji 
et  al . ,  1977)  cast  doubt  on  the  dioxetanone  mechanism  for  the  firefly  by  pur¬ 
porting  to  show  that  CO,,  formed  was  not  labeled.  However,  the  recognition 
of  the  danger  of  eompLete  isotopic  exchange  of  labeled  carbon  dioxide  in 
aqueous  media  (Shimomura  and  Johnson,  1971  )  in  turn  cast  doubt  on  these 

results.  Later  studies  by  two  independent  groups  demonstrated,  in  fact,  that 
18  18 

0  (from  0,,)  is  incorporated  into  CO,,  in  the  chemi  luminescent  (non-enzymat i c ) 

reaction  of  fireflv  luciferin  in  dry  dimethyl  sulfoxide  with  potassium  tert- 

butoxide  (White  et  al.,  I47S  ;  White  et  al.,  1480  )  as  well  as  in  the  biolumi- 

nescerit  reaction  (shimomura  it  aj  .  ,  1477  ;  Shimomura  and  Johnson,  1479  ).  A 

1  4 

recent  iv  reported  studv  of  the  reaction  ot  C-earhoxv 1-lahe I  oil  luciferin  in 
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17  18 

the  presence  of  00  and  H0C)  by  t  tie  group  originally  opposed  to  the  cyclic 

route,  is  in  fact  fully  consistent  with  the  dioxetanone  mechanism  (Wannland 

et  al. ,  1978  ) ,  and  its  intermediacy  now  appears  secure.  Similar  labeling 

studies  support  dioxetanone  intermediates  in  the  bioluminescent  reactions  of 

Cypridina  (Shimomura  and  Johnson,  1971,  1  975,  i'179)  Renilla  (Hart  et  al .  , 

1978  ),  and  the  related  Oplophorus  (Shimomura  et,d. ,  1978  ). 

In  addition  to  their  implication  as  reactive  intermediates  in  biolumin- 

escence,  dioxetanones  have  been  proposed  as  key  intermediates  in  several 

chemiluminescent  systems.  Most  notable  are  the  chemiluminescent  oxidation 

reaction  of  acridan  esters  (19)  and  the  chemiluminescent  reaction  of  the 

Both  reactions  are  quite 

related  aeridinium  salts  (_20)  (Rauhut  et  al  . ,  1965a;  McCapra  et  al . ,  1979).  / 

efficient  in  singlet  excited  state  generation  (0  =  10%  and  2%  respectively) 

t.L 

and,  owing  to  the  elegant  work  of  McCapra  and  others,  are  among  the  best 
understood  complex  chemiluminescent  reaction  mechanisms. 


CO?  A  r 


CO?  A  r 


HOO'  CO? A  r 
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F.arlv  in  the  investigation  of  eheni  I  mn  i  nescent  phenomena,  dioxetanones 
were  proposed  as  the  kev  internediate  in  the  chemi luminescent  reaction  of 
diphenvlketene  and  singlet  oxygen  in  the  presence  of  fluorescers  (Bollyky, 
1970),  a  suggestion  later  substantiated  by  the  preparation  of  stable  dioxe¬ 
tanones  bv  the  addition  of  singlet  oxygen,  generated  bv  tr ipheny lphosphite 
ozonide  decomposition,  to  several  ketenes  (Turro  et  al . ,  1977  ;  Turro  and 
Chow,  1980  ).  Direct  chemiluminescence  has  also  beeu  observed  from  the  gas 
phase  reaction  of  ketene  with  singlet  oxygen,  affording  the  first  evidence 
for  unsubstituted  dioxetanone  (Bogan  et  al . ,  1979  ). 
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(24) 


Recently,  the  chemiluminescence  from  the  base-catalyzed  decomposition  of  an 
a-hvdroperoxv  ester  was  described  in  terms  of  a  dioxetanone  intermediate 
(equation  25  )  (Sawaki  and  Ogata,  197  7  ), 
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(25) 


Eight  years  ago  Adam  (Adam  aod  Liu, 


1972;  Adam  and  Steinmetzer,  3972) 


reported  the  first  synthesis  and  characterization  of  authentic  dioxe- 
tanones,  prepared  bv  dehvdrat ive  cvclization  of  the  corresponding  oc-hydroperoxy 
acids,  equation  26.  They  were  shown  to  thermolvze  as  anticipated  to  carbon 
dioxide  and  the  corresponding  ketone  with  the  concomitant  emission  of  light. 
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Thermolysis  of  dimethyldioxetanone  (2_1)  produces  both  excited  singlet  and 

triplet  states  of  acetone,  identified  by  their  characteristic  fluorescence  and 

phosphorescence  spectra  and  by  their  behavior  toward  oxygen  quenching  in 
TM 

Freon  — 1 i 3  solution.  The  spectra  are  superimposabie  with  those  from  tetra- 
methyl-l,2-dioxetane  (J3)  under  comparable  conditions.  The  yields  of  excited 
singlet  and  triplet  acetone  produced  from  the  thermolysis  of  2A  were  determined 
relative  to  the  yields  of  excited  singlet  and  triplet  acetone  from  thermolysis 
of  _3  by  direct  comparison  of  chemi  1  timinescence  intensities  under  identical 
reaction  conditions.  The  yields  f rom  _3  are  fairly  well  established  at  0.2  and 
30%,  respectively,  and  the  excited  state  yields  thus  determined  from  _21  are 
0.1  and  1.5%  for  the  singlet  and  the  triplet,  respectively  (Schmidt  and 
Schuster  1978b,  ,1980a).  Similar  excitation  efficiencies  for  2_1  have  been  reported 
by  Adam  et  al  (1974,  1979)  and  by  I'urro  and  Chow  (1980).  Thus  dimethyldioxetanone  is 
qualitatively  similar  to  alkyl-substituted  dioxetanes  in  the  unimolecular 
chemiluminescent  thermolysis  in  that  the  formation  of  triplet  excited  states 
is  favored  over  the  formation  of  singlet  excited  states.  The  total  yield  of 
excited  states  from  2]  is,  however,  twenty  rimes  lower  than  from  3,  despite 
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the  fact  that  the  thermolysis  of  2_1  is  approximately  20  kcal/mol  more  exo¬ 
thermic  than  thermolysis  of  J3. 

The  kinetic  activation  energy  for  the  decomposition  of  21 ,  E^,  is  22  kcal/mol 

in  several  solvents.  Significantly,  the  activation  energy  for  excited  singlet 

acetone  formation,  E  ,,,  was  determined  to  be  25  kcal/mol,  (Schmidt  and  Schuster, 1978b, 

chi 

1980a)  suggesting  that  two  competitive  parallel  pathways  for  decomposition  of 
21  are  operative.  The  more  highly  activated  pathway  leads  to  excited  states, 
while  the  lower  leads  to  "dark"  decomposition.  Activation  parameters  recently 
reported  by  Turro  and  Chow  conflict  with  thest  results,  however  (Turro  and 
Chow,  1980  ).  Both  E  and  E  ,  ,  were  measured  to  be  22  kcal/mol  and  their  data 
thus  do  not  differentiate  paths  leading  to  ground  and  excited-state  acetone. 

The  only  apparent  difference  between  the  two  measurements  of  E^^  is  the  tem¬ 
perature  range  employed,  but  this  difference  alone  does  not  accommodate  the 
discrepancy.  The  qualitatively  similar  reaction  and  chemiexcitation  parameters 
for  dioxetanones  and  the  closely  analogous  alkyl-substituted  dioxetanes  suggests 
that  similar  reaction  mechainsms  are  operative.  For  the  dioxetanes  a  good  deal 
of  experimental  evidence  favors  the  biradical  path  (see  above).  Experimental 
evidence  for  the  dioxetanones  is  lacking.  An  attempt  to  distinguish  between 
the  two  mechanistic  extremes  by  a  study  of  deuterium  kinetic  isotope  effects, 
analogous  to  the  study  on  dioxetanes  by  Koo  and  Schuster  (1977a),  was  reported 
recently  by  Adam  and  Yany  (1980  ).  tert-Butyldioxetanone  with  deuterium  sub¬ 
stitution  on  the  ring  carbon  was  investigated.  While  virtually  no  kinetic 
isotope  effect  was  reported  (k„/k  =  1.06),  and  this  was  interpreted  by  the 

authors  as  being  consistent  with  the  biradical  mechanism,  the  experimental 
uncertainty  in  these  determinations  is  intolerably  large,  and  conceivably 
could  obscure  the  small  secondary  deuterium  isotope  effect  predicted  for  a 

\ 


concerted  mechanism. 
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While  experimental  evidence  on  tin*  mechanistic  details  is  lacking,  recent 
investigation  of  the  structure  and  reactivity  of  the  parent  unsubstituted  dioxe- 
tanone  by  self  consistant  field  theory  offers  sone  insight  into  the  mechanism 
of  the  reaction  (Schmidt  et  al.,  198]  ).  Of  significance 

to  the  understanding  of  the  thermal  chemistry  of  dioxetanone  is  the  prediction 
that  stretching  the  oxygen-oxygen  bond  does  not  cause  a  concomitant  increase 
in  the  length  of  the  ring  carbon-carbon  bond.  Although  the  calculations  were 
not  carried  all  the  way  through  to  the  transition  state,  progress  along  the 
reaction  coordinate  was  significant  since  the  energy  increase  obtained  is  nearly 
half  the  experimentally  determined  activation  enthalpy  for  dioxetanone  2J_.  The 
implication  of  these  findings  is  that  the  thermolysis  of  dioxetanone  may  pro¬ 
ceed  through  the  biradical  state  formed  by  crossing  of  the  14a*  and  16a' 
orbitals  (Figure  5)  as  a  result  of  cleavage  of  the  oxvgen-oxygen  bond.  A 
similar  conclusion  was  reached  bv  Harding  ami  Goddard  (1977  )  for  dioxetane 
using  GVB  calculations. 

The  results  of  the  computation  which  implicate  a  biradical  intermediate 
for  the  dioxetanone  reaction  suggest  an  explanation  for  the  difference  in  total 
excited  state  vields,  as  well  as  the  difference  in  triplet  to  singlet  excited 
state  ratios  obtained  from  thermolysis  (if  dioxetanone  21  and  dioxetane  3. 
Cleavage  of  the  oxvgen-oxvgen  bond  in  both  cases  leads  to  a  biradical  presumably 
initially  in  a  singlet  state.  In t  ersvst etn  crossing  to  the  triplet  biradical 
is  therefore  in  competition  with  cleavage  of  the  ring  carbon-carbon  bond 
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Figure  5 


Mo  Iecular  orl>it.i!  contour  plots  of  the  occupied 
and  the  virtual  orbital  16a'  (b)  of  dioxet anone 
lines  refer  to  different  phases  of  the  orbitals 


orbital  14a'  (a) 
,  lull  and  dotted 
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reaction  is  first  order  in  h’tli  o'  at  -mat  i  .  tl  r  ■  ar;  mi  •  ■  r  amine  <  which  is 

termed  t  lie  activator  ,  Ail'.  \  t  «•  -rill  ;■>  r  n  i.  ed  <|n.int  it. -it  iveiv.  M  ■  i  <•  - 
over,  the  hvdroe.irhon  i  .  mi  ,  onsnr  ed  in  t  re.i  t  i  ,  hut  rather  serves  .is  a 
eatalvst  for  the  de.  oi.tos  i  t  ion  ot  t  iu*  dioxet  mo  .  I'l.e  k  i  ne  t  i .  hetiavi  r  is 

thus  described  by  the  simple  rate  law  o'  e<  i.<  i  ■' ,  wile  re  k  ,  is  the  rite 

constant  for  uninolecul  ar  re.  ti'ii  and  k  ,  is  ibe  himo I erular  rale  lonstant  tor 
the  act ivator-eatal vzed  rea. t i  a.  While  the  nnimolecular  rite  constant  k  i  ■ 


+  k  ,  [AC  I  I 


independent  of  activator  identit',  t  iie  h i mo  I  ecu  1 ar  rate  constant  k(,  is  highly 

dependent  on  the  nature  of  the  a.  t  ivator.  In  fa>  t,  k.,  in  benzene  at  24.5°C  is 

over  13000  times  larger  for  N,  N-d  imet  h  v  i  dih  vd  rophen.i/.i  ne  (DM1’)  than  it  is  for 

rubrene.  There  is  a  broad  nd.it  ic-i  .'lin  between  the  one  electron  oxidation  potential 

of  the  activator  and  the  magnitude  of  k,.  In  general  the  more  easily  oxidized 

activator  (lowest  K  )  has  a  larger  k,  associated  with  it,  suggesting  an 
ox 

endergonic  one  electron  I ransfer  t  rom  activator  to  dioxetanone  in  the  rate¬ 
determining  step  of  the  catalytic  reaction. 

The  chemiluminescence  observed  when  these  activators  are  added  to  solutions 
of  21  is  fluorescence  Iron  the  excited  singlet  state  of  the  activator.  The 
relative  initial  cliemi  !  nminoscence  intensity  is  liighlv  dependent  upon  the 
nature  of  the  activator  emp loved;  a  LOO, 000-fold  range  in  intensity  is  observed. 

The  corrected  relative  intensity  is  uniquely  predicted  bv  the  one  electron  oxi¬ 
dation  potential  of  the  activator.  This  relationship,  shown  in  Figure  7, 
demonstrates  that  the  chemi  I  umi  no-.i  ence  results  from  a  h  i  no  1  ecu  1  ar  catalytic 
reaction  (of  rate  constant  k  >  wnich  mav  involve  an  endergonic  one  electron 

cat 

transfer  from  activator  t"  dioxetanone  in  ; he  rate-determining  step. 
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detail.  The  electron  transfer  from  an  activator  (pervlene,  lor  example)  to 

d imethvldioxetanone  within  the  encounter  complex  is  estimated  t rom  electro- 

ehemiea  1  data  to  be  endergonic  at  the  equilibrium  (’round  state  geometrv  (the 

quant  itv  Kox  -  Kre(j  is  not  an  exact  me  •>  sure  of  the  energetics  of  the 

electron  transfer  since  the  reduction  wave  of  the  peroxide  is  irreversible  ) 

and  thus  does  not  occur  spontaneous  1 v .  Indeed,  the  activation  energy  for  this 

process  (F,  .  )  is  16  kral/mol.  The  details  of  the  activation  of  the  electron 

chi 

transfer  are  analyzed  in  Figure  9.  Consider  stretcliing  of  the  oxvgen-oxvgen 
bond  of  the  encounter  complex.  One  possible  result  of  this  motion  is  that  the 


bond  cleaves  liomo  1  vt  i  ca !  1  y  "just  as  is  suspected  tor  the  unimolecular  reaction 


0  —  0 


lH3  "  V. 


+  ACT 


o  —  o 


'3  1  xo 
CH3 


0  0' 

CH 4 


0  0 


CH3  0 


H3C  CH3 


h3c  ch3  +  ACT 


it  1 1  v  :•«*  !  i-horu  1  urn  no sconce 


i  1 1  !  .  i  ;i  1 1  i  at  e.l 


-r)!>- 


vieldinft  a  new  complex  of  activat'd  am!  !  ,  -.-b  i  rad  ica  1  .  In  Figure  9  this  path 

is  shown  as  the  correlation  of  the  encounter  complex  (ACT - 0 - 0)  with  the 

state  ACT — (0  0).  There  is,  however,  another  electronic  configuration  avail¬ 

able  to  the  bond-cleaved  state,  one  in  which  an  electron  has  been  transferred 
t  tom  ACT  to  the  fragmented  peroxide,  e>. ration  'll. 


25a 

The  relative  energies  of  these  two  species  can  be  estimated  from  electro¬ 
chemical  measurements.  Comparison  of  the  e 1 ec t rochemica 1  oxidation  potential 
of  the  activators  with  that  of  alkyl  earboxv I  at e  anions  (the  electrochemical 
oxidation  of  alkyl  carboxyl ates  is  irreversible,  use  of  this  potential  there¬ 
fore  provides  only  a  lower  limit  to  energy  separation  of  the  two  states) 

( Re ichenbacher  et a_K  ,  1968  •  which  must  ho  used  as  a  model  for  25a  predicts 

that  the  state  ACT.  -  -  0  0.  nav  lie  as  much  as  18  krai /mol  lower  in  energy 

than  the  biradieal  state.  Thus,  stretching  the  oxvgen-oxygen  bond  of  the 

peroxide-activator  encounter  complex  leads  to  .in  avoided  crossing 

(Ramunni  and  Salem,  1976  )  of  the  biradical  and  elect ron-t rans- 

ferred  state  and  thus  simplv  stretching  the  oxvgen-oxvgen  bond  provides  a  path 

for  activation  of  the  electron  transfer. 

The  results  of  the  SCF  ealeulalior  on  dioxetanone  hear  on  this  mechanism 
(Schmidt  et  al.,  I “8 1  ).  These  c  limitations  show  that  stretching  the  oxvgen- 

oxvgen  bond  of  dioxetanone  resul'  .  in  ..  rem.i rk.ih  1  o  do.  re.e.o  in  the  eueryv  of 
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1  lie  ih  ra  t  i  on  a  i  i  v  excited  tab  1  .  i:  c..;ir  shown  in  brackets  in  equation 

29,  mav  be  an  into rme .1  i  ite  or,  note  1  ikelv,  a  transition  state.  Back  elec  tron 
transfer  from  dioxcumono  radical  anion  with  the  oxvgen-oxygen  bond  intact 
(k  )  is  exertion  it  and  therefore  rn  i  it  1 1 1  he  anticipated  to  be  competitive  with 
oxvgen-oxvgen  bond  cleavage.  Cvclic  voltammetric  mcasurenients  have  indicated 
that  the  reduction  of  peroxvestors  is  irreversible,  presumably  due  to  rapid 
oxygen-oxygen  bond  cleavage.  I’ll  is  mav  indicate  that  the  oxygen-oxygen  bond  of 
the  state  shown  in  brackets  in  equation  29  c  leaves  rapidly  (k.^  >■'  k_  ^-q-)  » 
giving  the  radical  ion  pair  25. 

I'he  SC.F  calculations  bear  als>  on  this  descript  ion.  * »t  prime  importance 
is  the  total  energy  of  the  radical  anion  obt  lined  by  placing  an  electron  in 
the  16a’  orbital.  This  orbital  is  ant  iboiul  ine,  between  the  peroxide  oxygens. 

The  striking  result  obtained  is  tint  on  inc> casing  this  bond  distance  0.2  A 
from  its  equilibrium  value  the  total  ener  of  the  radical  anion  drops  bv  ca . 

52  kcal/mole.  This  result  is  taken  to  indicate  that  the  oxygen-oxygen  bond 
of  the  radical  anion  of  dioxot anone  is  dissoci at ive  and  that  irreversible 
cleavage  follows  immediately  the  receipt  o!  the  c'e.  t ton .  This  conclusion  is 
entirely  consistent  with  the  experiment  il  observ.it  inis  <>:  the  d  ioxet  anone 
svstem. 

A  controversial  feature  fWa  I  I  ice.,  -.-e,  •  -..evet  .  -  i  -i  i  et  , 

1981  )  of  the  proposed  rate  1  inti  tine  electron  t  runs!  er  r.a  :  the  int  o  net  i- 

tion  of  the  linear  free  energy  relat ionships  of  the  type  shown  in  !  inure  t  r 

d  ime  t  h  v  1  cl  ioxe  tanone .  The  initial  cliemi  1  urn  i  nescent  intensity  plotted  i  1  igun 

7  is  directlv  proportional  to  the  magnitude  of  k  .  The  free  enerrv  mo  cie.  - 

cat 

t rori  transfer  from  activator  t  o  peroxide  can  be  estimated  iron  the  e  xida!  ion 
potential  of  activator,  the  reduction  potential  ot  I  lie  peroxide  and  coulonbi. 
work  terms  fvhioh  are  small  in  polar  solvent)  according  to  cq .  12,  where  K  is  a 

constant  incorporating  the  equilibrium  constant  for  encounter  complex  formation 
and  other  factors.  The  factor  c  is  similar  to  the  well-known  transfer  cootti- 
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9. 


State  correlation  diagram  for  the  activated  electron 
transfer  with  simultaneous  cleavage  of  the  oxygen- 
oxygen  bond. 
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cient  which  general  lv  takes  a  value  between  0.3  and  0.7  for  electrode  reactions 
(i)eiahay,  1  ‘765  ). 

For  the  chenii  1  uinineseen  t  reactions  of  dimet  livldioxetanone  with  the 
aromatic  hydrocarbon  and  amine  donors  the  value  of  c  is  0.3.  For  thermodynami¬ 
cally  irreversible  electron  transfer  reactions,  as  is  postulated  for  this  case, 
the  value  of  Cc  can  he  interpreted  to  reflect  the  angle  formed  by 

the  potential  energy  curves  in  the  region  of  the  intersection  of  reactant  and 

in  contrast  to  Walling's  recent  claim  (Walling,  1980), 
product.  It  is  important  to  emphasi ze/that  the  value  of  i  is  not  related  to 

the  fraction  of  charge  transferred  in  the  electron  transfer  step.  It  should  be 

noted,  however,  that  observation  ot  a  linear  free  energy  relationship  between 

the  rate  and  free  energy  of  electron  transfer  does  not  constitute  proof  that  a 

rate-limiting  complete  electron  transfer  is  involved.  A  reaction  that  occurs 

through  an  intermediate  with  greater  or  lesser  charge-transfer  is  expected  to 

show  similar  trends. 

One  notable  feature  of  the  correlation  of  relative  initial  chemiluminescence 
intensity  with  activator  oxidation  potential  in  Figure  7  is  the  widely  varying 
nature  and  structure  of  the  activators  that  follow  this  relationship.  Several 
significant  exceptions  are  the  zinc  and  magnesium  tetraphenv 1  porphyrins  (Schmidt 
and  Schuster,  1980b).  These  metal lopnrphyrins  behave  as  the  other  activators 
in  the  reaction  with  dimetliv  1  d  i  oxet  anotu*  in  that  the  reactions  follow  first 
order  kinetics,  the  porphyrin  is  not  consumed  by  the  peroxide,  and  equation  27 
is  followed.  The  initial  chemi luminescence  intensity,  however,  is  about  100 
times  greater  than  predicted  bv  the  oxidation  potential  of  the  porphyrin  and 
the  data  of  Figure  7.  The  b imo 1  ecu  I  a r  ■  it  o  constants,  k0,  moreover,  are  con¬ 
sistent  witli  the  large  intensity.  That  is,  too  is  about  100  times  greater 


than  is  predicted  by  the  oxidation  potential  of  the  metal loporphvrin. 
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The  special  chemiluminescent  c.italvsis  ol  the  zinc  and  magnesium  porphyrins 
appears  to  be  a  result  oi  ground -state  complex  formation  between  the  metal lo- 
porphyrin  and  tlte  dioxetanone.  Stable  complexes  of  these  metal loporphyrins 
with  nitrogen  donors  such  as  pyridine  are  well-known  (Hambright,  1971  ). 

Weaker  complexes  with  oxygen  donors  such  as  diethyl  ether  are  known  as  well. 
Certain  porphyrins  such  as  silv  i  ! e t raphe u:v 1  porphyrin  and  the  non-metal lated 
free-base  porphyrins  are  known  not  lo  form  complexes  with  such  donors  (Miller, 
and  Dorough,  1952).  Significantly  these  porphyrins  do  not  displav  any  special 
catalysis;  the  magnitude  of  the  bimolerular  rate  constant  and  the  initial 
chemiluminescent  intensity  are  simply  predicted  by  the  measured  oxidation 
potentials  of  these  porphvrins. 

The  magnitude  of  k  ,  the  experimentally  determined  bimolecular  rate  c.on- 
cat 

stant  for  chemiluminescence,  is  related  to  several  of  the  rate  constant  spe¬ 
cified  in  Figure  8.  The  data  on  the  hydrocarbon  or  amine-activated  chemilumi¬ 
nescence  indicated  that  k  ,  k  .  Thus  simple  analysis  of  the  kinetics 
shows  that: 


•at 


K12  kACT 


(33) 


where  is  the  equilibrium  constant  for  complex  formation.  For  the  amine  and 

aromatic  hydrocarbon  activators  ,  is  evidently  independent  of  the  structure 
of  ACT  and  probably  depends,  as  In  the  Weller  mode!  (Rehm  and  Weller,  1970  ) 
onlv  on  diffusion.  However,  ZnTPP,  Mg'l'PP ,  CoTPP,  CdTPP,  ete.  form  ground  state 


complexes  with  peroxide  21  and  the  magnitude  of  k_  is  therefore  the  product  of 

K  ,  for  the  complex  and  k  ...  Indeed,  it  it  is  assumed  that  eomplexation  does  not 
12  AC! 


ACT 


then  the  increase  in  f  tic  magnitude  of  K  ,  resulting  from  ground- 


affect  k 


state  complex  formation  is  direct lv  reflected  in  the  increased  k 

cat 

Further  evidence  for  ground-state  coinp lexation  as  the  cause  of  the  special 
catalysis  was  obtained  by  a  spectroscopic  study  in  a  model  system.  Such  com¬ 
plexes  are  typically  characterized  bv  a  shift  of  the  maximum  of  the  porphyrin 
Soret  absorption  band  relative  to  that  of  the  non-comp  1 exed  porphyrin.  In  the 
presence  of  a  high  concentration  of  Let r.imetir- !-l ,2-dioxetane,  used  as  a  model 
for  the  coordinating  abilitv  of  21.  the  absorption  maximum  of  ZnTPP  was  deter¬ 
mined  to  be  shifted  1.2  nm. 

Final  evidence  for  involvement  of  a  ground-state  complex  with  21^  on  the 
catalytic  chemiluminescence  pathwav  comes  from  the  inhibition  of  the  special 
catalysis  by  the  addition  of  donor  molecules  capable  of  competitive  eomplexa- 
tion.  Both  the  rate  constant  for  the  reaction  of  2__L  catalyzed  by  MgTPP  and  the 
initial  chemiluminescence  intensity  are  decreased  markedly  by  the  addition  of 
diethyl  ether  and  even  more  dramatically  by  the  addition  of  pyridine. 

This  inhibition  of  catalysis  apparently  derives  from  complexation  of  the 
diethyl  ether  or  pyridine  to  MgTPP.  The  added  donor  competes  with  21_  for  the 
formation  of  the  weak  ground  state  complex,  thereby  inhibiting  the  otherwise 
effective  catalysis.  The  special  catalysis  of  ZnTPP  and  MgTPP  is  thus  fully 
consistent  with  and  readily  accommodated  by  the  C1REL  mechanism. 

The  involvement  of  the  CTEEb  process  in  the  thermolysis  of  2\_  immediately 
offers  new  insight  into  many  previously  perplexing  proposals  of  dioxetane  or 
dioxetanone  intermediary  in  various  chemi-  and  bio  1 uminescent  reactions.  For 
example,  the  discovery  of  activated  chemiluminescence  for  and  the  finding 

that  intramolecular  electron  transfer  can  generate  a  very  high  yield  of  elec¬ 
tronically  excited  singlet  (Horn  el  a_l  .  ,  1978-79  ), prompts  speculation  that  an 
intramolecular  version  ot  tin.*  CIF.E1.  mechanism  is  operating  in  the  biolumines— 
cence  of  the  firefly  (Koo  et  a  1 . ,  1978  ).  This  general  mechanism  may  in  fact 
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(34) 


be  typical  of  many  chemi-  an  '  b: .  • '  ■  minescent  systems,  for  our  experience  with 
21 ,  and  other  peroxides  capable  of  reactions  releasing  sufficient  energy  to 
populate  electronically  excited  states,  indicates  that  the  most  important 
light-generating  process  is  the  CIME1,  reaction, 

D,  Diphenoyl  Peroxide  Chemi I uminescence. 

The  chemiluminescent  reaction  of  diphenoyl  peroxide  (26)  with  easily 
oxidized,  aromatic  hydrocarbons,  reported  by  Koo  and  Schuster 

(1  977b,  1978),  was  the  first  well-defined  example  of  an  electron  exchange  chemi¬ 
luminescent  reaction  of  an  organic  peroxide.  Its  studv  led  to  the  postulation 
of  chemically  initiated  electron-exchange  luminescence  as  a  generalized  mech¬ 
anism  for  efficient  chemical  light  format  ion  (Schuster,  1979  ;  Schuster  et  al  .  , 
1979  ). 

Although  apparently  energy  sufficient,  the  thermal  decarboxylation  of  2<6 
does  not  generate  detectable  excited  states  of  the  product,  benzocoumar in  (27) 
(equation  35).  However,  addition  of  easily  oxidized  hvdrocarbons  such  as 


26 


27 
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rub  rene  leads  to  efficient  tormati.si  of  the  excited  singlet  state  of  the  hydro¬ 
carbon  and  readily  observe!  -aomi 1 uminoscenoe. 

The  kinetics  of  the  chemiluminescent  reaction  are  first  order  in  both 
peroxide  and  hydrocarbon.  The  hydrocarbon,  not  consumed  in  the  reaction, 
functions  as  a  catalyst  for  decarboxylation  of  26.  The  kinetics  for  consumption 
of  follow  equation  17,  jus'  as  is  the  case  for  dimethyl dioxetanone.  It  was 
also  demonstrated  that  the  electronically  excited  activator  is  formed  as  a 
direct  consequence  of  the  bimolecular  reaction. 

Of  utmost  import  is  the  correlation  which  is  found  between  the  magnitude 
of  k^^  and  the  one-electron  oxidation  potential  of  the  activator,  the  more 
easily  oxidized  activators  having  the  larger  values  of  k(,^,.  This  indicates 
that  a  one-electron  transfer  from  the  activator  to  2_6  may  occur  in  the  rate¬ 
determining  step  of  the  bimolecular  reaction  and  determine,  in  part,  the  mag- 
niture  of  k  ,j,.  The  mechanism  proposed  to  account  for  the  experimental  obser¬ 
vations  on  the  chemi luminescence  of  26  is  shown  in  Figure  10. 

The  initial  electron  transfer  is  followed  bv  oxygen-oxygen  bond  cleavage 
and  loss  of  CO^ ,  generating  henzoeoumar in  radical  anion,  a  powerful  reducing 
agent,  and  the  activator  radical  cation.  Annihilation  of  the  caged  radical  ion 
pair  generates  the  singlet  excited  state  of  the  activator.  Evidence  that  the 
light-generating  sequence  occurs  within  the  initial  solvent  rage  is  provided  by 
the  lack  of  effect  of  oxvgcn  or  trace  amounts  of  water  on  the  chemiluminescence 
efficiency.  Further  evidence  that  electronic  excitation  of  the  hydrocarbon 
occurs  while  In  the  cage  with  henzoeoumar in  is  provided  by  the  observation  of 
thermally  generated  exciplex  emission  when  N-nhenv I carbazo 1 e  or  tripheny 1  amine 
is  employed  as  activator.  This  emission  is  ascribed  to  an  exciplex  of  benzo- 


coumarin  and  amine. 


I 


Figure*  K).  The  Cl  EEL  mechanism  for  the  thermal  reaction  of 


diphenoyl  peroxide  (Jfi)  with  aromatic  hydrocarbons 


More  recently,  direct  experinent.il  verification  ot  the  existence  of  radical 


ions  in  the  reaction  of  16  wi.i  act  ivators,  and  of  their  intermediacy  in  the 
chemiluminescence  proees-  ,  was  obtained  bv  applying  nanosecond  laser  spectro- 
photometric  techniques  to  the  stub,  of  this  reaction  (Horn  and  Schuster,  1479  ). 
Excited  singlet  pyrene  was  generated  bv  irradiation  with  a  nitrogen  laser.  The 
fluorescence  of  pyrene  u  o-.  qiioni  lied  hv  diphenovl  peroxide  and  the  absorption 
spectrum  of  the  transient  products  tormed  from  this  reaction  were  recorded  100ns 
after  excitation.  The  spectrum  was  that  of  pyrene  radical  cation.  Determination 
of  the  yield  of  cage-escaped  pvreno  radical  cation,  the  rate  constant  for  the 
reaction  between  pyrene  sing,  let  and  16,  and  the  quantum  efficiency  of  that  reac¬ 
tion  led  to  the  conclusion  that  pyrene  singlet  is  regenerated  from  the  cage- 
radical  ion  pair  resulting  from  its  reaction  with  26  thus  confirming  a  key  tenet 
of  the  CIKEL  mechanism.  Finally,  a  "kinetic  link"  was  established  between  the 
excited  state  activators  and  the  previously  investigated  ground  state  activators. 
The  reaction  of  triplet  anthracene  with  16  proceeds  with  a  rate  constant  predic¬ 
table  from  its  oxidation  potential  and  the  oxidation  potent ia 1-bimolecular  rate 
constant  correlation  established  with  ground  state  activators.  This  finding 
confirms  that  rate- 1 imit ing  electron  transfer  to  form  a  radical  ion  pair  is  the 
initiating  step  in  the  C1KK1.  re,n  t  ion  of  diphenovl  peroxide. 

E.  Client  1 1  urn  ine  seen,  e  of  Acyclic  Secondary  Peroxvest  ers  . 

Hiatt,  Glover  and  Mosher  (1476)  reported  that  the  thermolysis  of  acvclic 
secondary  peroxvest ers  generates  a  carhoxvlic  acid  and  the  appropriate  carbonyl 
compound;  equation  36.  Tliet  moilum  i  ca  I  calculations  using  the  group  equivalent 
method  (Benson,  1976)  indicate  t sat  the  prototypical  reaction  is  exothermic  bv  c_a. 
60  kcal/mole.  When  thi  ■  •  vat  hi-rmi.  itv  is  camhiued  with  the  re.u  t  ion  activation 
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energy  it  is  clear  that  there  is  sufficient  energy  available  at  the  transition 
state  of  the  secondary  peroxvester  reaction  for  the  formation  of  the  excited 
state  of  the  carbonyl  compound. 

Dixon  and  Schuster  (1974  .  1981  )  have  reported  the  results  of 


their  investigation  of  both  the  thermal  and  electron  donor  induced  reactions  of 
1-phenvlethy 1  peroxyacetate  (2_3)  and  a  series  of  substituted  1-pheny lethyl 
peroxy benzoates  (29a— 29e).  They  report  the  direct  generation  of  electronically 

excited  states  from  unimolecular  thermo  I vses ,  as  well  as  generation  of  light 
by  the  chemically  initiated  electron-exchange  luminescence  mechanism. 
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The  rates  of  thermolysis  of  [lie  peroxyosters  in  argon  purged  benzene  can 
be  followed  conveniently  by  their  direct,  indirect,  or  activated  chemilumines¬ 
cence.  In  all  of  the  cases  reported  neroxyesters  in  benzene  solution  show 

-5  -  3 

clean  first  order  reaction  for  low  initial  peroxide  concentrations  (10  -  10  M) . 

The  activation  parameters  for  tin  pe roxves ■ ,r  thermolvses  reveal  some  important 
details  of  the  reaction  mechanism.  The  activation  enthalpy  obtained  for  peroxv- 
ester  2_8  is  quite  similar  to  that  reported  by  Hiatt  et  al .  (1975  )  for  related 
secondary  peroxvesters  in  the  vapor-phase ,  but  it  is  considerably  higher  than 
the  values  obtained  bv  these  workers  for  solution-phase  reactions.  Similarly, 
the  activation  entropies  reported  for  118  are  more  closely  aligned  with  the 
vapor-phase  values  of  Hiatt.  This  observation  is  of  significance  since  the 
rather  small  activation  enthalpy  and  negative  activation  entropy  reported  by 
Hiatt  e t  a 1 .  were  used  to  support  the  notion  of  a  cyclic  transition  state  for  these 
reactions.  In  contrast,  the  activation  parameters  reported  by  Dixon  and  Schuster 
for  peroxyacetate  28  resemble  closely  the  values  measured  for  tertiary  peroxv- 
esters  where  the  cyclic  transition  state  is  not  possible  and  simple  oxygen- 
oxygen  bond  homolvsis  is  the  accepted  mechanism  (Pyror  and  Smith,  1971). 
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The  degree  of  carbon-hvdrogen  bond  involvement  in  the  rate  determining  stei 

of  the  unimolecular  thermo  1  w;  i..  of  was  probed  bv  measuring  the  kitiet  i.  i'stope 

with  limit  o  r  i  nr  . 

effect  that  results  from  replacement  ot  the  methine  hvdrogen  of  28/  In  benzene 
at  100°  k  /k^  is  1.1!  +  0.10,  a  value  onsidere.l  to  be  t  oo  small  ti>  be  indica¬ 
tive  of  significant  cleavage  of  the  .  .n  oou-bvdi ogen  bond  .it  the  reaction  transi¬ 
tion  state.  For  an  exothermic  react  i  >n  wit  it  in  earlv  transition  state  the 
expected  isotope  effect  observed  might  in*  quite  small.  However,  Mosher  lias 
observed  an  isotope  effect  for  thermo  1  vs i s  d  some  di-secondarv  peroxides  of  about 
three  (Durham  and  Moster,  Thus,  in  contrast  to  the  modified  Knssel 

mechanism  proposed  hv  Hiatt  and  coworkers,  the  linear  representation  for  the 
reaction  transition  state  appears  to  be  more  accurate. 

The  activation  parameters  reported  for  the  substituted  peroxvbenzoates 
show  a  slight  dependence  on  the  nature  of  the  substituent  which  has  statistical 
significance  on.lv  for  the  dimethv  lamiuo  substituted  peroxvbenzoate  ^19.  In  this 
case  both  All5*  and  AS^  are  considerable  smaller  than  for  the  other  structures 
examined.  The  measured  kinet  ic  deuterium  isotope  effect  when  the  methine 
hydrogen  of  this  compound  is  replaced  hv  deuterium  is  1.18  +  0.04  which  also 
fails  to  indicate  significant  involvement  of  the  carbon-hydrogen  bond  at  the 
transition  state. 

In  sum,  the  thermal  and  isotonic  data  indicate  that  the  mechanism  tor 
thermolvsis  of  these  peroxvesters  I  is  is  the  rate-determining  step  the  cleavage 
of  the  oxvgen-oxvgen  bond  without  much,  if  anv,  carbon-h vd rogen  bond  cleavage. 


tho  st  rui  i  lire  ot  t  he  t  i  rst  :  ••  s.ed  «•••.  i  *  .  t  .:t  e  Iron  thermo 1  vs  is  of  poroxvester 
2_8  is  assigned  t  >  ■  ■  «  t  •e..en.«nc  .  !  :<  lb  •  ox.  ited  .n  etopiienone  formed  under 

those  e audit  ions  i  >  rep  >rrod  to  ;  d-  -nt  1  tl'ixou  and  Schuster,  1981)  . 

The  direct  and,  indirect  .  he*  i  uni  u  con  o  ano.i  tor  the  substituted 

peroxvbenzoat es  is  rerarkab !\  depei  ee*  ap  •  ;  nature  ol  the  substituent. 

The  parent  porexvhou.'.ir  t  .  ,  .si  •  ho  p-NO,  ( JHd )  ,  and  tn-NO.,  (2_9e) 

substituted  peroxybenz  >a  t  os  s  • ,  vvrv  little  direct  chemi  1  untinescence ,  a  result 
similar  to  that  obtain*  lor  '.he  peroxv  ,cet  at  e .  Also,  the  indirect  chemilumin¬ 
escence  with  9 ,  1 0-d  ib  remi'an  t  h  ra  on-.  ;PHA)  as  an  cue  rgv  acceptor  is  verv  weak 
with  these  peroxides.  In  outrast  '  '  : he**,.  results,  the  dimethyl  amino  substi¬ 
tuted  pemxvbenzoate  ( .’9  1  j  •  reasonable  intense  direct  and 

indirect  chemi 1 uminescence. 

lliermo  1  ys  i  s  of  peroxide  .’.‘b-  in  neocene  solution 
emission  whose  spectrum  is  identical  to  the  fluorescence  spectrum  of  photo- 
excited  p-dimethv Iamir.obongc ic  acid  under  similar  conditions.  Thus  the  direct 

chemiluminescence  is  attributed  to  the  formation  of  the  singlet  excited  acid. 

(Dixon  and  Schuster,  1981). 

The  yield  of  directlv  generated  excited  acid  is  reported  to  be  0.24%  /  Since 

none  of  the  other  peroxybenzo  it  os  ■■operate  detectable  direct  chemiluminescence 
it  was  not  possible  to  ...'.pare  t  ■  ••  viol  1  t  •■  t  ho  other  peroxides. 

However,  by  extrapolation  it  was  concluded  the  d imet hy 1  ami  no  substituted  per¬ 
oxide  generates  excited  singlet  pr-> ducts  at  least  one  thousand  times  more 
efficiently  than  does  the  peroxv.uo  tate  or  anv  of  the  other  peroxvbenzoutes  examined. 

Indirect  chemi .  luminescence  with  DBA  as  the  energv  aeeeptor  is  unusual  in 
that  the  DBA  is  able  to  accept  energv  from  sut f ieient Iv  energetic  triplets  and 
form  its  emissive  excited  single;  state  (ftiplet  to  singlet  energv  transter) 

(Wilson  and  Seha. m,  1 9  ’ :  ;  I  ,-rr..  e ;  a'.,  i  Thus  it  is  possible  to  use 

the  indire  t  <  heni  1  umiueseem  e  ot  DBA  as  in  indicator  of  excited  triplet  state 


formation.  The  vie  Id  of  direct  Lv  formed  1 1  t  ;> !  i- 1  dimethv  1 aminobenzoic  acid  and 

benzoic  acid  obtained  f roi :  thormol'si  .  ...  the  per uxyesters  is  indicated  by  DBA 

and  O.JUJ  res pec t i vo ly . 

indirect  chemiluminescen  o  to  be  3,  S  /  he  v : .  Ids  of  triplet  acid  generated 
from  peroxvbenzoates  29a,  29b,  29<i,  and  .  *K*  is  indicated  bv  the  DBA  indirect 
chemiluminescence  intensity  are  also  i-  ■  t  ir.a-s  loss  tiian  that  of  2c . 

Kvident  ly  ,  the  p-dimethv  lamina-  sub*,* : :  -‘ont  c.reatly  alters  the  ability  of 
these  secondary  peroxvbenzoates  to  generate  electronical  1 v  excited  state  pro¬ 
ducts.  Two  likely  rationalizations  for  this  effect  have  been  proposed.  The 
first  is  that  the  powerfully  elect  r-'n-donat  in;>.  amino  substituent  somehow  alters 
the  reaction  transition  state  to  facilitate  excited  state  formation.  Or, 
second,  the  lower  energy  of  the  excited  singlet  state  of  dimethv lamino- 

benzoid  acid  (the  singlet  energy  o:  benzoic  -acid  and  p-dimethv 1 aminobenzoic 
acidare  98,1  and  83.5  kcal/mo.le,  respectively)  directs  the  reaction  to  excited 
products.  The  lowered  excited  state  ene  rev  explanation,  however,  does  not 
appear  to  hold  for  the  formation  of  triplet  acids.  The  triplet  energy  of  p- 
dimethv 1 aminobenzoic  acid  is  73.3  kcal/mol*-,  which  is  only  3.8  kcal/mole  below 
the  triplet  of  benzoic  acid.  Vet  t he  v  it  I  as  of  triplet  excited  states  differ 
bv  a  factor  of  <;a.  500,  At  this  tie-  a  ,  unambiguous  explanation  for  the 

increased  excited  state  vield  from  1  ‘  •  •••  .")>•  has  been  offered.  However, 

we  note  that  a  similar  effect  of  am  i  no  sub.-;  t  itution  lias  been  reported  in  the 
luminol  series  (sec  below). 

Activated  chemi 1 umi nesconce  is  observed  t  ron  these  secondary  peroxvesters 
as  well.  When  the  thermo  1  vs  is  of  porow.i.  i  t  at  o  78  in  benzene  solution  is 
carried  out  in  the  presence  of  a  sma i  1  amount  of  an  o.is  i  I v  oxidized  substance 
the  course  of  the  reaction  is  changed.  for  ex  imple,  addition  of  N.N-dimethvl- 
d  i  hvd  r-’d  i  ln-nzo  |  ac  ]  phena  /  i  ne  (  DMA!  i  ;  -  p.s  x  .-  tor  38  in  benzene  accelerates  the 
rate  if  re  i  t  i-ai  and  causes  the  g,  ener.it  i .  a  a  modest  v  it*  1  d  of  singlet  excited 


DMAC.  This  is  evidence.!  the  ■  ■!.■  ■  i  I  .  jn:  i  ee.  cnee  emission  spectrum  which  is 

identical  to  the  f 1 uores  u  m e  spe.  ;r  r .  i f  MMAC  obtained  under  similar  condi¬ 
tions.  Spectroscopic  me  a:  uremce.ts  indicate  iii.it  the  DMAC  is  not  consumed  in 


its  reaction 

with 

pcroxvesier  2ii  even  i 

.•/hen  the  pvroxvester 

is  present  in 

thirty 

fold  excess . 

The 

products  ot  t  c  rc-.e- 

•  i  •  i  ■  the  p re  lence 

of  DMAC  remain 

ace  tophenone 

and  . 

n  et  ic  uc  i  d  .  he 

■  indicate 

that  DMAC  is  a 

true 

catalyst  for  cl  1  e  reaction  ..i  it  c  28.  The  results  of  these  exj  ?r  intents 

with  DMAC ,  plotted  according  to  eruiat  ion  .!'/  give  l<  ,  =  0 .  7  3  x  1 1 )  M  ^  s 

DMAC  is  not  unique  in  it-  abi i i r >  to  catalvze  the  reaction  of  peroxvacetate 
28  and  provoke  ttie  formation  of  excited  singlet  states.  The  ctiemi  1  uminescent 
intensity  (corrected  for  chanp.es  in  fluorescence  efficiency,  and  photomulti¬ 
plier  and  monochromat or  spectral  response)  was  shown  to  be  a  sensitive  function 
of  the  nature  of  the  activator.  Under  conditions  of  low,  but  constant,  activator 
concentration  the  magnitude  of  this  corrected  chemi luminescent  intensity  is 
related  to  the  one  electron  oxidation  potential  of  the  activator.  The  inverse 
linear  relationship  between  the  lop  ot  the  corrected  chemiluminescent  intensity 
and  tiie  oxidation  potential  of  tic  letivator  is  nrima  facie  evidence  for  the 
operation  of  the  CThKh  mechanism.  Figure  12.  This  reaction  is  postulated  to 


(40) 


-  CH.CO  it  /  J.  ;  \  „ 

- — (  PhC0CH3  ACT  J - PhCOCHj  +  ACT 


■  light 


(41) 


Figure  12.  CTF.KL  mechanism  for  secondare  peroxyesters. 


lor  of  an  electron  from  the 


be  initiated  by  the  therm., :  ,  .  '  .  t  ra 

activator  to  t  ie  per.  ,  ,tor  ,vage  of  tie  . ’xvgen-oxvgen  bond  of  the 

reduced  peroxide  and  tr.ms'cr  of  a. dr. von  :  form  acetic  acid,  thus  leaving  aceto¬ 
phenone  radical  in  ion  and  act i vat  •  a  radial  cation  within  a  solvent  cage. 

Annihilation  of  these  opposite!  :  ry.etl  1  1  '  : ea  ions  leads  to  the  formation 

of  the  excited  singlet  st.it,  tin  a  '  :  •  •  .  t  ■  r  that  is  detected  by  its  lumines¬ 

cence  . 

The  one  exception  to  the  correlation  of  corrected  chemiluminescence  inten¬ 
sity  and  oxidation  potential  reported  'or  this  svstem  is  for  dimethy ldihydro- 
phenazine  (DMP) .  However,  this  is  readiiv  understood  with  the  CIEEL  mechanism. 

In  order  to  form  an  electronical  1 v  excited  state  by  an  ion  annihilation, the 
energy  released  by  the  annihilation  must  he  at  least  as  great  as  the  energy  of 
the  excited  state.  The  energv  released  on  annihilation  (A.E+,  )  can  be  estimated 
using  available  redox  potentials.  l'iie  energv  of  the  target  excited  state,  in 
this  case  the  singlet,  (AK*)  is  estimated  from  optical  absorption  and  emission 
data.  It  is  clear  from  the  data  that  for  all  of  the  activators  used  except  DMP 
there  is  sufficient  energv  released  to  form  the  excited  singlet.  DMP  remains  a 
catalyst  for  the  reaction  of  peroxya, state  28 ,  but  it  cannot  be  promoted  to  its 
excited  singlet  state  on  anni  111  1 i  on  because  insufficient  energy  is  released. 

This  observation  offers  further  convincing  evidence  for  the  intermediacy  of 
radical  ions  in  the  .activated  chemiluminescence  of  the  peroxyacetate . 


tfttiiCMfeMiaitilA 
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The  response  of  tlu>  peroxvbenzoat  a*;  to  ;  he  CIEEI.  activators  depends 
remarkably  on  the  nature  of  the  sub  f  1  font.  Hie  unsubstituted  peroxybenzoate 
_H,a  behaves  in  a  fashion  near  1  v  i.ien:  i .  .  ;  'o  tha.t  observed  for 
the  peroxyacetate  2d.  Tin  a-  ;  h  •  .  s  ibst  i  tuted  peroxybenzoate  29b  behaves 
quite  like  the  parent,  but  the  nitro  substi tuted  compounds  29d  and  29e  and 
the  p-dimethvlamino  substituted  pero.xvfs  nzoate  29c  behave  quite  differently. 

The  properties  of  these  compounds,  however,  can  be  understood  within  the  CIEEL 
mechanism.  For  example,  the  ni trosuhst i tut ed  peroxvbenzoates  29d,  and  29e 
exiiibit  k,,  with  DMA'-  approx  im.ile  1  v  ir  times  greater  than  for  the  unsubsti¬ 
tuted  peroxide  29a .  Yet  the  yield  of  excited  singlet  DMAC  generated  by  29d  and 
29e  Is  700  times  less  than  from  .’hi.  This  seeming  inconsistency  can  be  easily 
understood.  In  the  postulated  CIEEI.  path,  the  reduction  of  the  peroxide  results 
in  its  fragmentation  to  acetophenone  and  an  acid.  One  of  these  species  must  be 
a  radical  anion.  For  the  peroxyacetate  and  all  of  the  substituted  peroxyben- 
zoates  examined,  with  the  exception  of  the  nitro  substituted  examples,  the  more 
easilv  reduced  species  of  this  pair  i -  acetophenone.  Tims,  in  these  cases  the 
annihilation  takes  place  between  i.  e I .ophenone  radical  anion  (E  ^  =  ca.  -2.3  V 
vs.  SCE)  (Mann  and  Names,  19/3  ;  f.'utfv  and  l.outfv,  1972  )  and  the  activator 
radical  cation.  Tin*  reduction  ■*  tel  i.i  1  **t  I  lu*  nitro  substituted  acids  are 

below  the  reduction  potential  of  acetophenone  (Arai ,  1968  ).  Thus  when  these 
reduced  peroxides  fragment  • be  re  ii.il  anion  species  is  probably  the  acid. 
Annihilation  between  the  n  i  t  r<  *-  nibs  t  i  t  u  t  <*d  acid  radical  anions  and  the  activator 
radical  cations  is  not  ,  i  -  i  i .  i  !  •.  enei  cel  i .  t  o  I  orm  tin* 
excited  singlet  state  t  the  t  i  c  hr. 

For  the  d i me t hv 1  ami  no  substituted 
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peroxy ester  29c  a  third  tvpe  of  behavior  »:■>  erved.  The  corrected  chemi¬ 
luminescence  intensity  obtained  is  independent  .  f  the  structure  of  the  acti¬ 
vator.  This  is  just  what  is  expected  for  simple  indirect  chemi luminescence 
where  the  activator  is  excited  by  energy  transfer  from  some  first-formed  singlet 
state.  As  indicated  above,  the  initial  ;  t  td  state  In  this  system  is  p-dimethyl- 
amint'f  enxoic  acid.  Evidently,  the  electron  denar  ini’,  p-dimethyl amino  substituent 
renders  the  peroxybenzon te  _29e  suffii  i <  u! i v  ditticult  to  reduce 
that  the  value  of  k,  is  so  small  that  the  bimolecular  path  never  is  able  to 
compete  successfully  with  unimolecular  decomposition. 

The  most  significant  conclusion  reached  from  investigation  of  the  chemistry 
of  the  secondary  peroxyesters  is  that  the  energy  released  on  thermal 
conversion  to  the  ketone  and  the  carhoxv I  ic  ac  id  can  be  directed  to  the  forma¬ 
tion  of  excited  state  products.  However,  the  specific  structure  of  the  second¬ 
ary  peroxyester  controls  the  specific  mechanism  of  chemiexcitation  and  the 
yield  of  excited  state  product  obtained.  These  findings  point  the  way  to 
further  exploration  of  the  chemistry  of  these  compounds. 

F.  Cliemi  1  uminescence  of  buminol 

Tire  organic  chemist's  interest  in  chemiluminescent  phenomena  was  aroused 
first  by  Albrecht's  (1928)  report  of  light  emission  from  the  reactions 
of  luminol  (5-amino-2 , 3-dihydroph  tha  1  az  i  no-  1  ,  s-d  iono)  10.  Since  that  time 
there  have  been  innumerable  investigations  of  tills  svstem  and  its  close  rela¬ 
tives.  There  have  also  been  excellent  reviews  of  much  of  this  work,  the  most 
recent  being  bv  Roswell  and  White  (1978).  Herein  we  will  present  a 

broad  summary  of  this  work  and  some  coirmieuts  on  recent  work  on  analogous  com¬ 


pounds  . 
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Lt  appears  that  there  mav  ue  -  V'T.i  i  pains  leading  to  eventual  generation  of 
electronically  excited  state  pr-’-.i  .  :  ■  i  rut:  iumii.ol.  In  nun-protic  solvent,  in 
particular  1 v  DMSO,  the  reaction  apparent  1  ■.  proceeds  through  the  luminol  dianion 
as  an  intermediate.  Reaction  of  the  li  in  ion  with  oxvgen  results  in  the  forma¬ 
tion  of  3-aminoph tha late  in  the  ex.  ited  :e,  equation  42.  White  and  Roswell 


0 


(1970)  have  shown  that  under  these  conditions  the  chemi luminescence  is  due  to 
emission  from  the  excited  phihalate. 

The  precise  nature  of  the  chemiex-  i tat  ion  .tep  for  luminol  remains  poorly 
defined.  Evidently  some  product  formed  by  interaction  of  the  dianion  with  09  is 
capable  of  giving,  excited  states.  Unfortunately,  there  is  verv  little  direct 
experimental  evidence  concerning,  the  structure  of  this  product.  One  possibility 
is  the  azaquinone  (12)  that  results  f rom  two  electron  oxidation  of  the  dianion.  It  has 
been  confirmed  independently  ((Jundermamt ,  196.3;  White  ct  a  i .  ,  1968)  that  a  eaquinones 
generate  electronically  excited  phthu lutes  on  reaction  with  basic  hvdrog,en  perox¬ 
ide.  This  observation  has  led  to  1  he  suggestion  that  azoendoperoxide  33  may  be 
the  immediate  pereursor  to  the  electronically  excited  phthalate,  equation  43. 
Alternatively,  endoperoxide  33  might  be  formed  directly  from  the  reaction  of 
dianion  31  with  ()r. 


33 


whereas  intermediate  38  ;>oijs  on  to  g  ivc  ni  gr>  mid-state  products.  Further 
dissection  of  luir.  inn  I  chemi  1  amine.-,  ••net*  awaits  t  ho  clearer  definition  of  the 
immediate  percursor  to  elect  r.mio.i  I  Iv  e\  i'e  !  iniinophtha  I  ate. 

C. _ Miscellaneous  t  die  mi  1  umi  r  es ,  on  ■■  , 

There  are  several  chemical  v  . terns  t  a  t  have  been  observed  to  generate 
light  whose  mechanisms  h  ive  not  ■  r  I  v  d.oined,  Manv  of  these  react  ions 

suffer  tiie  same  difficulty  as  does  luniinol.  That  is,  the  kev  intermediate  lias 
not  been  isolated,  hence  its  structure  is  not  known,  and  its  properties  must  be 
inferred  from  indirect  expor 1  vienta !  results.  In  this  se<  t  ion  v/e  will  intro(iu<'e  some 
of  these  systems  and  review  them  briefly. 

Oxidation  of  organic  materials  nearly  alwavs  results  in  the  production  of 
detectable  ehemi 1 umi nescence .  ihe  most  extensive  investigations  of  this  phenom¬ 
enon  have  been  carried  out  bv  Sb 1 \ apintokh  (196b  )  and  by  Vassil'ev  (1967). 

The  mechanism  for  excited  state  generation  is  <omp lex,  and  the  nature  of  the 
excited  state  produced  is  not  we  1 1-de f ined .  However,  from  kinetic  evidence, 
and  on  the  basis  ot  there  being  suMFicnt  energy  released,  it  has  been  postu¬ 
lated  that  the  chemiexi  i:  a  ion  step  i  •-  the  ••ombinat  ion  of  two  alkylperoxv 
radicals  to  form  oxygen,  in  ilcnhol,  and  an  excited  state  carbonyl  compound, 
eq.  46.  Although  the  yield  oj  light  from  this  process  is  very  low,  about  one 

2  R2CHOn * - >  K  CIIMH  +  0,,  t  «./>()*  (46) 

9 

photon  per  10  combinations  (Kel  tog,  l'tic  t  this  plienomenon  has  been  used 
analytically  to  sttidv  autoxidation  ot  hydrocarbons  and  manv  other  materials 


(Mendenhall,  1977  ). 


A  striking  and  unusual  example 


,-i:i  i  i  -in-.inesi  once  f  rum  an  oxidation  is 


the  reaction  of  molecular  o.-c.  gea  with  1  «’r  ivn.ml  reagents.  This  reac¬ 

tion  was  discovered  near  I  v  00  vears  ago  <  .  at  :  <>rd  ft  a  1 . ,  19. Ml  l)u  f  ford  ,  1  928) 
(Kvatis  and  !>  ieneni.o  rs  t  ,  !  '<-■«>)  hut  i  t  r.e.  tail  i;  :•)  i still  poorly  understood. 
Koceiit  studies  ( Holt  on  and  kearn  ■,  :  •  .  •  iv<-  i:  >1  io.it  oh  free  radicals  anu  nave 
identified  t  lie  emir  tine,  sne-ies  ninhonv!  derivat  ices. 

The  elimination  ot  singlet  >,en  ,  *<',,)  I  torn  certain  peroxides  has  been 
shown  to  be  capable  of  causing  visible  chemiluminescence  (Kahn  and  Kasha,  1963  ) 
Tiie  excitation  energy  ot  singlet  oxvgen  is  rather  low  (23  kcal/mole)  and  thus 
the  direct  emission  from  this  state  is  in  the  infra  red  spectral  region.  Indeed 
this  emission  has  been  detected  in  the  gas-phase  and  in  solution  first  by  Peters 
e_t  _a_l  .  (  1972  )  and  more  recently  hv  Kaiin  (1980  ).  Visible  light  can  result  from 
tiie  simultaneous  transition  of  two  *0,,  molecules.  This  reaction  is  capable  of 
generating  a  photon  of  red  light  or  of  transferring  energy  to  a  suitable  fluor¬ 
escent  acceptor,  eq.  47.  It  was  cl. -lined  that  this  chemiluminescent  process 

+  l0.,  - f  ((>,—:).,)*  +  I  I  - i  PI*  +  2  0,  (47) 

mav  he  responsible  for  nunv  ot  tin-  observed  we  ik I v  luminescing  svstems  (Kahn 
and  Kasha,  1966  ).  It  lias  been  *-  iieges  t  ed  for  example,  that  this  is  the  opera¬ 
tive*  mechanism  in  the  >  liotni  I  uni  nos  once  I  pvroga  1  I  o  1  ,  with  t  orm.i  1  deh  vde  and 
hvdrogen  peroxide  1  l'.  >vi-n  and  I  lovd,  196  1)  . 

The  h  io  I  urn  im-sceiK  c  of  certain  ha*  tori  i  inneai  ,  to  involve  the  reaction 
of  a  flavin  hydroperoxide  with  an  aldehvde.  this  rc;n  lion  pr>i  eeds  through 

or- .  ■  or  more  1  n  t  o  rmed  i  a  i  ■  to  gone  ra  t  e  . . .  t  .  ia  i  an  e  I  e  •  t  r  on  i  c  a  I  1  v  excited 

state,  eq .  4<H  (Hastiuc  ,  I'*;,  i.  ,\-  jn  •  i  t  h  i  ct  i  i  ient  bio  luminescent 
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process  several  weakly  chemiluminescent  reactions  have  been  investigated. 

Kemal  and  Bruice  (1976)  prepared  and  isolated  some  4a-hvdroperoxy-5-alkvl- 
3-methyllumif lavine  derivatives  ( 19 )  and  showed  that  reaction  of  these  compounds 
with  aliphatic  aldehydes  gives  the  corresponding  acid  and  some  chemiluminescence 
in  dioxane  or  water  solution,  eq.  49. 


39 


Similarly,  McCapra  and  l.eeson  (1976  )  have  reported  that  reaction  of  some 
dimeric  peroxides  with  1 , 3 , 10- 1 r i me  thy lisoal loxazinium  perchlorate  (40)  gives 
light.  These  authors  suggest  that  this  reaction  proceeds  by  addition  of  the 
hydroperoxide  to  the  10a  position  to  give  eventually  the  spi rohvdantoin  M, 
eq.  50. 


(48) 


Whether  these  intermediates,  or  some  others,  are  involved  in  the  bacterio- 
lumineseenre  process  is  still  uncertain.  The  details  of  the  chemiexci tat  ion 
sten  will,  of  course,  depend  upon  the  specific  structures  involved.  However, 
there  has  been  some  recent  speculation  on  the  nature  of  this  process.  In 
ana  1  ogv  to  the  chemist rv  of  secondary  peroxvesters  Schuster  e t  a  1 .  (1979)  have 
proposed  an  intramolecular  electron  transfer.  Kosower  (19B0)  has  invoked  a 
similar  mechinism.  Verification  of  these  proposals  awaits  further  experimental 


i 


invest igat ion . 
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V  Conclusions 

Chemiluminescent  phenomena  are  much  better  understood  today  than  they  were 
ten  years  ago.  Indeed,  the  investigations  of  the  last  decade  have  finally  begun 
to  provide  rational  mechanistic  explanations  for  many  chemiluminescent  reactions. 
These  explanations  so  far  have  revealed  three  general  mechanisms  for  the  trans¬ 
ductions  of  chemical  potential  energy  to  electronic  excitation.  These  are  the 
CIEEL  process,  ion  annihilation  reactions,  and  unimolecular  thermolvses  of  high 
energy  content  reagents.  Within  each  of  these  groups  the  details  of  structure 
and  reactivity  still  remain  mostly  unexplored.  Thus,  it  is  not  yet  possible 
to  predict  accurately  the  yield  of  excited  state  product  by  knowing  the  structure 
of  the  reagent. 

The  practical  applications  if  chemiluminescent  reactions  are  numerous. 

They  can  function  as  sources  of  light,  markers,  analytical  systems,  and  mechan¬ 
istic  probes,  to  name  only  a  few.  These  applications,  and  the  very  spectacular 
nature  of  the  phenomena,  will  work  together  to  encourage  further  examinations  of 
these  reactions. 

•  This  work  was  supported  by  the  National  Science  Foundation  and 
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